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SUMMARY 
 
The performance of a natural draught wet-cooling tower can be improved by reducing the 
average drop size in the rain zone. In this thesis, the effect of installing different horizontal 
grids below the fill on drop size in the rain zone is investigated experimentally and 
theoretically. A specially designed horizontal grid consisting of evenly spaced slats and a grid 
made from expanded metal sheeting are tested.  Drop size distribution measurements are taken 
below different cooling tower fills to determine the respective Sauter mean drop sizes and also 
below different configurations of splash grids to determine the reduction in drop size. Drop 
break-up through a grid of horizontally placed slats is modelled and compared to measured 
data to determine the optimum configuration in terms of spacing between the grid and fill, slat 
width and slat spacing. A cross flow rain zone is modelled under different air and water flow 
combinations with CFD for two distributions that represent the rain with and without splash 
grids and the results are compared. The Merkel transfer characteristic for all the flow 
conditions using both distributions are determined using a Lagrangian, Merkel, Poppe and e-
NTU method in order to quantify the increase in rain zone Merkel number. Pressure drop over 
the cross flow rain zone is also determined and compared for the two distributions under 
considerations. 
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OPSOMMING 
 
Die verkoelingsvermoë van ‘n reënsone van ‘n natuurlike trek nat koeltoring kan verbeter 
word deur die verkleining van die gemiddelde druppelgrootte. In hierdie tesis word die effek 
wat horisontale roosters op die druppelgrootte het, wanneer dit onder die pakking geïnstalleer 
is, eksperimenteel en teoreties ondersoek. ‘n Spesiaal ontwerpte rooster bestaande uit 
horisontaal gepakte latte en ‘n gerolde metaal rooster word onderskeidelik vir hierdie doel 
gebruik. Druppelgrootte metings word geneem onder verskillende koeltoring 
pakkingsmateriaal om die Sauter gemiddelde diameter te bepaal, asook onder die verskillende 
rooster opstellings om die verkleinde druppelgrootte te bepaal wat die rooster veroorsaak. 
Druppelopbreking deur ‘n laag horisontaal gepakte latte word gemodelleer en vergelyk met 
gemete data om sodoende die beste kombinasie tussen die afstand onder die 
pakkingsmateriaal, latwydte en latspasiëring te bepaal. ‘n Kruisvloei reënsone word 
gemodelleer met CFD onder verkillende lug- en watervoeikombinasies vir twee 
druppelverdelings wat die reënsone met en sonder roosters verteenwoordig. Die Merkel 
oordragskoëffisiënt vir die twee verdelings word bereken en vergelyk deur van ‘n Lagrange- , 
Merkel- , Poppe-  en e-NTU metode gebruik te maak om sodoende die verbetering in reënsone 
Merkelgetal te kwantifiseer. Drukvalle oor die reënsone word ook bereken en vergelyk vir die 
twee verdelings wat beskou is. 
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NOMENCLATURE 
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A  Area, m2 
C  Non-dimensional drop size,- or capacity rate,- 
CD  Drag coefficient, - 
c  Species or constituent concentration 
cF  Friction factor 
cp  Specific heat at constant pressure, J/kgK 
cv  Specific heat at constant volume, J/kgK 
D  Diffusion coefficient, m2/s 
d  Diameter, mm   Mean diameter, mm 
E  Drop deformation ratio, - 
e  Effectiveness, - 
F  Force, N 
f  Fraction, - 
G  Mass velocity, kg/m2s 
g  Gravitational acceleration, m/s2 
gYS  Correction factor, - 
H  Height, m 
h  Heat transfer coefficient, W/m2K  
hD  Mass transfer coefficient, m/s 
hd  Mass transfer coefficient, kg/m2s 
i  Enthalpy, J/kg 
K  Pressure loss coefficient 
KE  Kinetic energy, J 
k  Thermal conductivity, W/mK 
M  Mass, kg 
m  Mass flow rate, kg/s 
NTU  Number of transfer units 
n  Number of drops 
nRR  Spread diameter, mm 
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p  Pressure, Pa 
Q  Heat transfer rate, W 
R  Gas constant, J/kgK, Cumulative mass fraction 
S  Shape factor, -, or slat spacing, mm 
T  Temperature, K  
t  Time, s 
U  Total internal energy, J 
V  Volt,V, or Volume, m3 V   Volumetric flow rate, l/s 
v  Velocity, m/s 
w  Humidity ratio, kg/kg dry air 
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∆  Differential 
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B  Buoyancy 
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c  Convection or cut 
D  Drag,  
d  Drop, dripping, diameter 
e  Escape or evaporate 
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f  Fluid 
fg  Fill-grid 
fr  Frontal 
g  Gas 
i  Inlet 
m  Mean 
n  New 
o  Outlet, original 
p  Primary or primary particle 
pr  Projected 
R  Resultant 
RR  Rosin Rammler 
rz  Rain zone 
s  Saturation , surface or splash 
T  Terminal velocity 
t  Throat  
v  Vapour or venturi 
w  Water 
wb  Wet bulb 
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Lef Lewis factor, 
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
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Sh Sherwood number, !  , "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Abbreviations 
CFD Computational fluid dynamics 
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1 
INTRODUCTION 
 
1.1 General background 
In industrial thermal systems like power plants, petrochemical plants and air-conditioning 
systems waste heat must be rejected to the environment.  This can be done by rejecting heat to 
the ocean or rivers by means of a water-cooled condenser, known as once through cooling, or 
to the atmosphere by using cooling towers or dry air-cooled condensers. The type of heat 
rejection system used is dependent on environmental conditions such as temperature, 
humidity, the availability and also the cost of cooling water.  
 
Large natural draught and mechanical draught cooling towers are widely used in industries and 
differ with regard to the way air flow is affected.  In mechanical draught towers, fans are used 
to provide air flow whereas in natural draught towers air flow is caused by buoyancy effects in 
a high tower. Cooling towers can also be classified according to the way in which heat is 
rejected to the atmosphere, for example wet- or dry-cooling. In wet-cooling towers, water 
comes into direct contact with the cooling air, whereas in dry cooling the process fluid is in 
finned tubes and is therefore separated from the air. A further classification is the direction of 
the air flow in relation to the direction of the water flow which can be in cross flow or counter 
flow.   
 
An increased tower performance can be beneficial to the economy as well as to the 
environment. Life cycle costs are reduced with an improved tower, which means that the same 
performance, which can be quantified in terms of range or Merkel transfer characteristic at 
constant inlet water temperature, can be achieved at lower cost; also meaning that less fossil 
fuel is burnt in the case of power plants.  
 
Natural draught wet-cooling towers are generally installed when direct cooling is not possible, 
sufficient cooling water is available and it is economical to do so.  Figure 1.1 shows a typical 
counter flow natural draught wet-cooling tower. 
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Figure 1.1 : Counter flow natural draught wet cooling tower 
 
Hot cooling water is distributed onto the fill by means of sprayers.  In the fill, the surface area 
between the water and the air is increased for efficient cooling by means of convection heat 
transfer and mass transfer. Film fill generally comprises plastic, asbestos or fibre cement 
sheets placed closely together, which allow water to spread in a thin layer over a large area of 
the fill. Splash fills are designed to break the mass of water falling through the cooling tower 
into a large number of smaller drops. In trickle fills the water runs down the fill consisting of 
fine plastic or metal grids. In the rain zone below the fill, the water falls through the air stream 
as drops between 0.25 and 10 mm in size.  According to Kröger [2004KR1], 10 to 20 % of the 
overall heat and mass transfer of large counter flow wet-cooling towers take place in the rain 
zone. Drops that are bigger than 10 mm in diameter are seldom encountered, because as they 
accelerate they become unstable due to the dynamic forces they encounter and break up into 
smaller drops.  After the water has passed through the rain zone, it falls into a pond from 
which it is pumped back to the plant.  
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The temperature and humidity of the air in the tower increase as it passes over the water. This 
reduces the air density above the fill resulting in a natural draught of air through the cooling 
tower.  Cool air enters from the bottom of the cooling tower and the warmer air exits at the 
top.  When drops are very small they can be entrained into the air stream and blown out at the 
top of the cooling tower. This increases the loss of water to the atmosphere which means that 
more make-up water is needed.  Another bigger problem is that the cooling water contains 
contaminants, which then leave the tower.  Furthermore, drift freezes when it is cold, causing 
roads to become iced. To combat these drift losses a drift eliminator is inserted above the 
sprayer section in the cooling tower.  Small drops accumulate on the drift eliminator, to form 
bigger drops which fall back onto the fill under gravity. 
 
This thesis is concerned with reducing the mean drop size in the rain zone of natural draught 
wet-cooling towers leading to enhanced cooling tower performance. 
 
1.2 Literature study 
In order to investigate the performance of the rain zone the drop distribution of the water 
entering the rain zone must be known, which is generally dependent on the type of fill that is 
installed in the cooling tower. Kröger [2004KR1] reports that film and trickle fills produce a 
spectrum of drops with Sauter mean diameters (equation 1.2) ranging between 5 mm and 6 
mm and that the Sauter mean diameter of drops below a splash type fill varies between 3 mm 
and 4 mm. Oosthuizen [1995OO1] measured a Sauter mean drop distribution under a trickle 
fill of 5 mm to 5.5 mm.  The drop distribution below a fill can be presented in terms of a 
cumulative mass distribution represented by the Rosin Rammler distribution function 
expressed as 
 
   #$%&'((  (1.1) 
 
where  
 
R(d) = Cumulative mass fraction 
d = Drop diameter   = Mean drop diameter 
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nRR = Spread parameter 
 
The Sauter [1981AL1] mean drop diameter is defined as 
)  ∑+)∑+ (1.2) 
 
As the drops exit the fill, they accelerate under gravity while heat and mass transfer takes place 
between the water and the air. In the numerical model of Khan et al. [2003KH1] it is illustrated 
that evaporation is the predominant mode of heat transfer, contributing 62.5 % of the total rate 
of heat transfer at the bottom of the tower and almost 90 % above the fill. As the Reynolds 
number of the falling drop increases, the drop shape changes to a non-symmetrical ellipsoidal 
shape [1994DR1] due to the increased hydrodynamic pressure at the front stagnation point. 
Beard and Chuang [1987BE1] measured the drop deformation at terminal velocity and the data 
was correlated by Dreyer [1994DR1]. According to Dreyer [1994DR1] this oblate shape of the 
drop tends to promote the formation of an attached wake and the onset of wake shedding that 
causes an increase in the drag coefficient. Other phenomena that occur in a drop as it falls 
through the air are oscillation and internal circulation [1978CL1]. According to Le Clair et. al 
[1972LE1] the effect of internal circulation on the drag of a drop is less than 1%.  Beard 
[1977BE1] and Pruppacher and Klett [1978PR1] concluded that the oscillating frequency of 
the drop as it falls is too high to have a noticeable effect on the drag of the drop.  When the 
drop break-up of a splash fill is modelled, it is important to model the velocity at which the 
drop impacts the fill accurately. Dreyer [1994DR1] correlated an equation in which the drag 
coefficient of a sphere is modified to take deformation, internal circulation and oscillation into 
account. 
 
If the average drop size in the rain zone can be decreased, the effectiveness of the rain zone 
and therefore the whole cooling tower can be increased. This can be done by placing a splash 
grid at a certain distance below the fill region. Oosthuizen [1995OO1] placed two layers of 
splash grid with a constant spacing of 0.1 m between them at various distances below a trickle 
fill. The splash grid was made from coarse expanded metal sheeting. Oosthuizen achieved the 
best drop break-up results when the double layer of splash grid was placed 0.67 m below the 
trickle fill, which produced a Sauter mean diameter of around 4 mm. When the spacing 
between the fill and the grid was increased further, the Sauter mean diameter for the 
distribution below the splash grid increased again. Further tests had to be done to see if the 
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Sauter mean diameter could be decreased even more. From the mathematical modelling of a 
spray cooling tower, Hollands [1974HO1] concluded that the drops must be uniformly 
distributed and as small as 1 – 2 mm. 
 
In the PhD thesis of Dreyer [1994DR1], a splash grid for a counter flow wet-cooling tower 
was modelled.  Dreyer mentions three different modes for drop break-up over narrow slats i.e. 
splashing, cutting and dripping below the slats. The splashing and cutting were thoroughly 
investigated by Dreyer, while Yung [1980YU1] investigated dripping below horizontal tubes. 
Dreyer incorporated this theory for determining dripping below slats. 
 
According to Dreyer [1994DR1], drop break-up on narrow slats is dominated by cutting and 
on wider slats, splashing becomes more dominant.  The size of the drops dripping from the 
slats increases as the slat width increases. 
 
According to Dreyer [1996DR2], a splash pack comprising slats narrower than 10 mm is the 
most effective if the porosity of the splash pack is 80 %.  Effectiveness in this case was 
defined as the ratio of the overall transfer characteristic to the pressure drop. 
 
Oosthuizen [1995OO1] reported that a decrease in Sauter mean diameter from 5.31 mm to 
4.05 mm can lead to an increase in the tower cooling capacity of up to 5 %. This value was 
obtained with the SPSIM computer program that was developed by Dreyer [1994DR1]. 
 
Kloppers [2003KL1] critically evaluated the performance prediction of cross flow and counter 
flow wet-cooling towers. Equations were derived from first principles and the Merkel, Poppe 
and e-NTU methods were used to predict the thermal performance of a cooling tower. These 
methods can also be used to determine the performance increase of a rain zone where the 
average drop size is reduced by means of grids. 
 
1.3 Objectives 
The main aim of the project is to improve the rain zone performance of cooling towers by 
reducing the mean drop size in this region by inserting splash grids below the fill. In order to 
determine the optimal grid configuration, the objectives are as follows: 
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• Measure the drop size distribution below different fills to investigate the effects of air and 
water mass flow rate on the Sauter mean drop size. 
• Design a rain zone performance enhancing device that reduces the Sauter mean drop 
diameter and measure the effect of spacing below the fill on its drop size reduction 
capabilities. 
• Investigate the expected improvement in rain zone performance using CFD.  
 
1.4 Motivation 
In large scale counter flow wet-cooling towers, 10 to 20 % of the overall heat is rejected in the 
rain zone of the cooling tower [2004KR1].  A considerable improvement in this section of the 
cooling tower will lead to a considerable improvement in the overall performance of the 
cooling tower. Performance improvement is quantified in terms of the Merkel transfer 
characteristic or the range of the cooling tower at constant inlet water temperatures. If for 
example the Sauter mean diameter in a cross flow rain zone is decreased from 5.19 mm to 2.73 
mm, the increase in rain zone Merkel number is in the order of 160 % with a corresponding 
reduction in water outlet temperature of around 2 – 3 °C (Chapter 5). If it is assumed that this 
rain zone contributes 10 – 20 % of the total tower Merkel number, this means an increase in 
total tower Merkel number of 16 – 32 %. The increase in total performance for a large scale 
counter flow cooling tower can even be slightly more because of the counter flowing 
component of air relative to the falling water. 
 
Reducing the life cycle costs of cooling towers can be beneficial for business, as well as the 
environment. 
 
1.5 Scope of work 
To meet the objectives, the scope of the work is as follows: 
• Develop measurement equipment and software to measure the drop size distribution in a 
rain zone by means of a photographic procedure. 
• Measure the drop distribution directly below different types of fill.  
• Design, manufacture and test a special grid comprising evenly spaced PVC slats to reduce 
the Sauter mean drop diameter in the rain zone. 
• Test a grid made from commercially available expanded metal sheeting. 
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• Develop computer code to predict the drop size distribution obtained by installing a single 
grid of evenly spaced slats below the fill and compare the results to measured data. 
• Develop a computer program to determine heat and mass transfer from a single drop 
falling under gravity as well as the drop velocity and trajectory.  
• Develop numerical models to determine the Merkel performance characteristic of a cross 
flow rain zone. 
• Develop a CFD model to predict the water outlet temperatures of the rain zones 
comprising of different monodisperse and polydisperse drop sizes. Predicted outlet 
temperatures from the CFD model also serve as input to the numerical models for 
determining rain zone Merkel numbers. 
• Use the previous 3 models to compare the improvement in rain zone performance 
characteristic and outlet water temperatures when a drop size reduction grid is installed.  
 
1.6 Thesis summary 
The summary of this thesis is represented in this section and the content of each chapter is 
briefly described. 
 
CHAPTER 1. INTRODUCTION 
This chapter gives a brief description of cooling towers. It also presents an overall literature 
survey, objectives, motivation and the scope of the work in this thesis. A summary of the 
thesis is also provided at the end of this chapter. 
 
CHAPTER 2. DROP DISTRIBUTION AND MEASUREMENT 
In chapter 2 the drop distributions directly below trickle, film and fibre cement fill are 
measured under different air and water flow conditions in a counter flow test facility. Single 
and multiple layers of grids are installed below a trickle fill and the drop distributions are 
measured directly below these grids. Two different types of grids are tested namely an 
expanded metal grid and a slat grid that is specially designed. The effects of spacing between 
two layers of slat grid and distance below the fill are also investigated. Lastly the change in 
drop distribution from just below the slat grid to further below the grid is measured.  
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CHAPTER 3. MODELLING OF MOTION AND COOLING OF SINGLE DROPS 
FALLING THROUGH AIR 
The governing equations of motion and temperature are derived in this chapter and the results 
obtained from the derived models are presented. Merkel numbers based on the single drop 
model for counter flowing, cross flowing and still air are also determined. 
 
CHAPTER 4. MODELLING OF DROP SIZE REDUCTION BY MEANS OF SLATS 
The model used to predict the drop distribution below a single layer of slat grid is presented in 
this chapter. This is done by making use of cutting, splashing and dripping models. A 
correlation for cutting drop distribution is proposed as well as improved slat profiles that 
minimize the size of the drops formed by dripping. Experimental results are compared to the 
results obtained with the model and a correlation is proposed for determining the reduction in 
Sauter mean diameter through a slat grid. 
 
CHAPTER 5. MODELLING OF CROSS FLOW RAIN ZONE PERFORMANCE 
In chapter 5, four different methods for determining the Merkel performance characteristic of a 
cross flow section are used. The first method is a Lagrangian method (chapter 3) and the 
equations of motion and cooling are integrated over the fall height of the drops. The Merkel, 
Poppe and e-NTU methods are also used to determine the performance characteristic of the 
rain zone, but needs measured data as an input which is obtained from a CFD analysis. The 
numerical models, together with CFD are used to quantify the increase in rain zone Merkel 
number due to smaller drops caused by splash grids. The pressure drop for a cross flow section 
are also investigated and the increase in rain zone pressure drop due to the smaller drops 
caused by splash grids is quantified. 
 
CHAPTER 6. CONCLUSION 
In this chapter the conclusions that can be made from the work done is presented. 
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2 
MEASUREMENT OF DROP SIZE DISTRIBUTION  
2.1 Introduction 
There is significant potential for enhancing cooling tower performance by reducing the drop 
size in the rain zone; however limited data is found in literature on this region. It is therefore 
necessary to generate data by measuring drop distributions under different fills and grids. The 
main goal is to increase the effectiveness of a rain zone by decreasing the average drop 
diameter.  
 
Oosthuizen [1995OO1] was able to increase the performance of a rain zone by installing two 
layers of coarse expanded metal grids below the fill, resulting in a smaller mean drop size. 
Oosthuizen achieved the best drop size reduction when the two layers of grid were installed 
0.67 m below the fill which corresponded to a decrease in the Sauter mean diameter from 5.31 
mm to 4.05 mm. Although the spacing between the expanded metal grids and the fill were 
varied, the effect of varying the spacing between the expanded metal grids was not 
investigated. 
 
Dreyer [1994DR1] measured the distribution under two types of splash grids of which the slat 
widths are 9 mm and 25 mm respectively. For the grid with the 9 mm slats, 10 layers were 
used with a slat pitch of 100 mm. The 25 mm grid was used in a 7 layer setup with a slat pitch 
of 300 mm. The Sauter mean diameters measured below these setups varied between 3 and 4 
mm. It isn’t exactly clear how far below the grids these measurements were taken. Tests were 
conducted at water mass flows of 1.8 kg/m2s and 3 kg/m2s with a constant counter flow air 
velocity of 1.5 m/s. The water was distributed onto the fill with a distribution system that 
produces spray with a Sauter mean diameter of 4.84 mm at 3.1 kg/s. 
 
In this section, the experimental apparatus, measurement techniques and test procedures used 
to measure drop size distribution below different cooling tower fill configurations are 
described.  Drop distribution data can be used to determine rain zone performance and 
ultimately cooling tower performance analytically or numerically. Drop distributions are 
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measured below single and multiple layers of two types of splash grids.  These splash grids are 
installed at various distances below the fill to determine which spacing is optimal i.e. creates 
the smallest drops. The spacing between two layers of slat grid is also increased and the effect 
on drop size measured. 
 
2.2 Description of experimental equipment 
The experimental apparatus for this section is a counter flow induced draught cooling tower 
test facility as shown in figures 2.1 and 2.2.  Different types of cooling tower fill material are 
installed into the fill region and drop distributions are measured directly below each fill for 
different water and air flow rates. In order to investigate the drop size reduction capability of 
different grids, single and multiple layers of two types of grids are installed below a trickle fill 
and the drop distributions are measured just below the lowest grid. One of the grids, shown in 
figures 2.3 and 2.4, is specifically designed and consists of horizontal slats, 3 mm wide and 12 
mm high, spaced 10 mm apart.  The other grid is made from commercially available expanded 
metal with dimensions shown in figure 2.5 and a photograph of the grid in figure 2.6. 
 
Measurement equipment developed for this project is used to measure drop size distribution. 
 
 
2.2.1 Indoor counter flow cooling tower test facility 
Consider the test facility shown in figures 2.1 and 2.2. Water is pumped from the pond of the 
test facility, through a venturi where the flow rate is measured by aid of a pressure transducer, 
to the water distribution section by means of a 15 kW variable speed centrifugal pump. Most 
of the water is spread evenly onto the fill through which it passes before entering the rain zone 
where it falls vertically under gravity in the form of drops of various sizes before returning to 
the basin again. The residual water is collected in the bypass channel from where it drains to 
the bypass water tank. The cross-sectional surface area of the rain zone is 1.5 m2 (1.5 m x 1.0 
m) and is smaller than the fill section above it, which has a cross sectional area of 2.7 m2 (1.8 
m x 1.5 m).  
 
Ambient air is drawn into the section from the environment through the rounded inlet at the 
bottom of the test section by means of an axial fan located at the top of the test section. Air 
passes through the rain zone and the fill, where water vapour and small drops get entrained 
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into the air stream, before passing through the drift eliminator on which entrained drops 
accumulate to fall back onto the fill under gravity.  
 
 
 
Figure 2.1 : Schematic representation of the counter flow cooling tower test facility 
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Figure 2.2: Photograph of the counter flow cooling tower test facility 
 
2.2.2 Grid consisting of evenly spaced slats 
A grid is designed and manufactured consisting of horizontally placed 3 mm wide by 12 mm 
high PVC slats that are spaced 10 mm apart. Refer to figures 2.3 and 2.4 for the respective 
layout and a photograph of the grid. The slats are mounted onto a slotted stainless steel frame 
with brackets at the ends of the frame so that it is possible to attach more than one layer on top 
of each other. The design of this grid is described in Appendix C.  
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Figure 2.3 : Layout of the slat grid     Figure 2.4 : Photograph of the slat grid 
 
 
2.2.3 Expanded metal grid 
This grid is made from commercially available expanded metal material with dimensions as 
given in figure 2.5 and a photograph is provided in figure 2.6. 
 
  
Figure 2.5 : Expanded metal grid dimensions     Figure 2.6 : Expanded metal grid photograph 
 
2.2.4 Water drop size measurement equipment 
A schematic of the drop measurement equipment assembly is shown in figure 2.7 and a 
photograph of the camera housing is shown in figure 2.8. 
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Figure 2.7 : Setup of drop measurement equipment in a rain zone 
 
The water drop measurement equipment is developed and designed in order to do the required 
drop size measurements in the rain zone.  It consists of a pipe housing that can be inserted 
through the side wall of the rain zone section and is shown in figure 2.8. The different 
locations where the housing can be inserted can be seen in figure 2.1.  This housing is used to 
hold the camera which is used to take images of the falling drops in the rain zone under 
different water and air flow conditions.  
 
 
Figure 2.8 : Photograph of drop size measurement camera housing 
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Strong backlighting is used from the outside of the tower to illuminate the photographic region 
with the aid of three 1000 W tungsten halogen lights.  This is possible because of the Perspex 
window on the side of the test section. 
 
2.3 Measurement techniques 
2.3.1 Drop size measurement 
Azzopardi [1979AZ1] reviewed different techniques to measure drop sizes and divided them 
into the following groups: 
 
1. Photographic methods 
2. Impact methods 
3. Thermal methods 
4. Electrical methods 
5. Optical methods 
6. Time of residence methods   
 
Between the different drop measurement techniques the photographic technique is the most 
popular drop measurement technique because of its low cost and relative simplicity. 
 
Oosthuizen [1995OO1] made use of a direct photographic technique to measure drop 
distributions. The camera was focussed on a plain of specified distance in front of the camera 
lens. When a photo was taken, the flash light was reflected from a background behind the 
focus plain to make sure drop edges are visible. The data was extracted from the photograph 
by applying different image processing operations to the image to identify and extract drop 
data. 
 
Dreyer [1994DR1] also made use of a photographic method to measure the drop distributions. 
In this method drops were caught in a Petri dish filled with silicone oil after which the drops in 
the dish were photographed and measured by making use of image processing software. 
 
Lui [1997LI1] photographed 69 - 198µm diesel drops that were released into a high speed air 
stream. As the drops passed in front of the camera, lighting was done from behind the drops 
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into the camera lens with a nano-pulse light.  A 35 mm Nikon camera equipped with a long 
distance microscope was used to capture the images. 
 
Rogers [2002RO1] made use of a laser diffraction method and high speed photography to 
measure and visualize drop sizes in aerosol sprays. 
 
For the drop distribution measurement of this thesis, a direct photographic procedure is 
developed to measure drop distributions. Drops are photographed against a sandblasted glass 
plate in the rain zone and lighting is done from behind the glass plate with three 1000 W 
tungsten halogen static lights. A software program, specially developed for this purpose, is 
used to extract the data from the images. The design detail of the photographic equipment is 
provided in appendix B. 
 
The new photographic procedure can be divided into two parts, which are the physical taking 
of digital photographic images and the extraction of the data from the images by making use of 
image processing operations. 
 
2.3.1.1 Photographic imaging 
A camera is placed in a housing inserted through the side wall which protrudes into the 
counter flow cooling tower test facility for taking images of the falling drops.  
 
The image must be of high resolution and therefore the maximum resolution of the camera (6 
megapixels) is used.  Furthermore, the drops must be well defined and easily recognizable 
with dark, well defined edges. This is achieved by implementing strong backlighting.  The 
drop edges reflect the light away from the lens and therefore appear dark on the image. The 
drop edges in the photograph are referred to as high frequency regions which distinguish them 
from the other regions in the image. High frequency regions are defined as regions where the 
rate of change of the colour from one pixel to the next is high. 
 
2.3.1.2 Image Processing and data extraction from images 
By employing high pass filters, the low frequency regions in the image can be filtered out, 
leaving the image with easy detectable edges. After the use of a high pass filter, an edge 
detection filter like the Sobel [2002GO1] filter is used to isolate the drop edges in the image.   
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A software program that isolates each of the drops in an image is developed and the algorithm 
is presented in Appendix B. In figure 2.11 the operating screen of the software program can be 
seen. The program converts all the drops in the image to white blobs by detecting their edges 
and converting the colour of all the pixels enclosed by the edges to white, and all the others to 
black as shown in figures 2.9 and 2.10. The user manual for the program is provided in 
Appendix F. 
 
Each drop identified on the image is numbered and its size is determined by counting the 
number of white pixels. The drop’s projected area can be obtained by multiplying the number 
of pixels by a calibration value, from which the drop diameter can be determined with the 
following equation 
   4-
. /⁄ 1.3 (2.1) 
 
The calibration procedure and calibration values are discussed and presented in Appendix E. 
 
 
 
 
Figure 2.9 : Original image             Figure 2.10 : Processed image showing blobs 
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Figure 2.11 : User interface screen for the image processing software program 
 
  
After extracting the data from the image, the mass distribution is plotted from which a Rosin 
Rammler [1939RO1] distribution function can be obtained. The Rosin Rammler function is 
merely an empirical relation based on the assumption that there is an exponential relationship 
between the drop diameter and the cumulative mass distribution of the drops. 
 
The Rosin Rammler size distribution function is given as 
 
   #$%&'((%%%%%%% (2.2) 
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where  R(d) = Cumulative mass fraction 
  d = Drop diameter   = Mean diameter of drops +44%%%%% = Average spread parameter 
 
The two unknowns in the Rosin Rammler equation are   and nRR.  The mean diameter of the 
drops can be determined from the measured cumulative mass distribution at the diameter value 
where the distribution equals e-1 and the values for the spread parameter can be found by  
 
+44  5+5+65+ $&  
(2.3) 
 
 
The spread parameter is calculated for each drop size and the average value is subsequently 
used for the Rosin Rammler distribution curve. 
 
The Sauter mean diameter [1981AL1] defined by equation (1.2) is a uniform drop diameter for 
a monodisperse drop distribution that is representative of a polydisperse drop distribution 
having similar heat and mass transfer and pressure drop characteristics. Pierce [2007PI1] 
modelled (CFD) the performance of a counter flow rain zone as well as a circular wet cooling 
tower rain zone based on a polydisperse drop distribution and showed that the results 
compared favourably with a monodisperse drop distribution based on the Sauter mean 
diameter. Merkel numbers varied between 4% and 6% for the circular cooling tower rain zone 
while the inlet loss coefficients varied by 5 %. The counter flow loss coefficients varied 
between 16% and 18% and the Merkel numbers varied between 8% and 10 %. 
 
)  ∑+)∑+ (1.2) 
 
2.3.2 Water flow rate measurement 
The water flow measurement is done by measuring the pressure difference over a venturi flow 
meter with the aid of a pressure transducer. The calibration curves for the venturi meter and 
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pressure transducer are provided in Appendix E. The location of the venturi flow meter can be 
seen in figure 2.1. 
2.3.3 Air flow rate measurement 
The air flow measurement is done by measuring the pressure difference over the air flow 
nozzle that is situated below the axial fan at the top of the cooling tower test facility as can be 
seen in figure 2.1. The pressure difference over the air flow nozzle is measured using a Betz 
manometer.  The calibration curve for the air flow nozzle is also provided in Appendix E. 
 
2.4 Test procedure 
The test procedure for the measurement of the drop size distributions can be divided into two 
main sections: 
1. The physical taking of the digital images. 
2. The extraction of the data from these images using the image processing software 
developed for this purpose. 
2.4.1 Taking digital images  
1) Insert the camera housing into the desired position in the cooling tower test section. 
2) Set the cooling tower test section to the desired water and air flow conditions. 
3) Switch on the backlights. 
4) Set the camera to the correct settings. A shutter speed of 1/8000 is used, but F-Stop must 
be set according to the light conditions, normally around F8. The camera is also set to its 
maximum zoom. 
5) Set the remote trigger on the camera if it is used. 
6) Place the camera into the housing and fasten it to the mounting that is provided. 
Make sure the backlights illuminate the photographic region evenly by firstly taking a few 
test photographs and secondly by visually inspecting the results. 
7) Close the pipe end cover plate at the back of the camera housing. 
8) Capture images by triggering the camera with the remote or through a hole that is 
provided on the camera housing. 
9) Open the pipe end cover plate at the back of the camera housing. 
10) Remove camera from its housing. 
11) Change the air and water flow settings in the test section for the next test or turn 
everything off. 
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2.4.2 Image processing and data extraction from images 
1) Connect the camera to a personal computer. 
2) Download the images on the camera to the computer. 
3) Open the image processing software program. 
4) Load an image into the software program with the “Open File” command in the “File 
Exchange” menu. 
5) Set the correct parameter values in the “Filter Parameters” menu as discussed in Appendix 
F. 
6) Run the software program to extract the data from the image. 
7) Inspect the results obtained with the software by comparing the original image with the 
results after the image processing is completed. 
8) Export the data to Excel by clicking on the “Excel Export” button. 
9) Process the data and plot the desired graphs. 
 
2.5 Results 
In this section the drop measurement results below different types of cooling tower fill and 
different configurations of the expanded metal grid and the slat grid are provided. The test 
cases for the fill tests are provided in table 2.1. 
 
    Table 2.1 : Test cases for fill tests 
Water 
[kg/m2s] 
Air 
[kg/m2s] 
 
1.40 
 
2.84 
 
4.20 
1.22 X X X 
1.71 X X X 
2.28 X X X 
2.85 X X X 
 
 
Splash grid tests are done with a water flow rate of 2.84 kg/m2s and no air flow. 
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2.5.1 Characteristic drop distribution under different fill types 
2.5.1.1 Film fill 
In this test, the drop distributions 260 mm under a cross-fluted film packing, as shown in 
figure 2.12, is measured. Two layers of fill are installed perpendicular to each other in the 
cooling tower test facility which corresponds to a fill height of 600 mm.  
 
  
Figure 2.12 : Film fill 
 
The measured cumulative mass distributions can be seen in figure 2.13 to figure 2.16, as well 
as the empirical Rosin Rammler distribution curve. 
 
Figure 2.13 : Cumulative mass distribution directly under film packing, Ga = 1.22 kg/m2s 
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Figure 2.14 : Cumulative mass distribution directly under film packing, Ga = 1.71 kg/m2s 
 
 
 
Figure 2.15 : Cumulative mass distribution directly under film packing, Ga = 2.28 kg/m2s 
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Figure 2.16 : Cumulative mass distribution directly under film packing, Ga = 2.85 kg/m2s 
 
In figure 2.17 the Sauter mean diameter for all the measured cases (Table 2.1) are plotted for 
the different air and water mass flow combinations considered.  
 
 
Figure 2.17 : Sauter mean diameters directly under film packing  
 
In table 2.2 the Rosin Rammler constants, as used in equation (2.2), are provided together with 
the corresponding Sauter mean diameters. Appendix G provides the measured cumulative 
mass distributions for the various air and water flow combinations under the film fill. 
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Table 2.2 : Constants for Rosin Rammler equation with Sauter mean diameters of film fill 
Ga/Gw Ga Gw 78[mm] nRR[-] d32 
0.2905 1.22 4.20 6.2774 3.6730 5.4116 
0.4071 1.71 4.20 6.3538 3.2340 5.4173 
0.4296 1.22 2.84 6.1916 3.3749 5.2000 
0.5429 2.28 4.20 6.5107 3.5090 5.5412 
0.6021 1.71 2.84 6.2437 3.3720 5.2764 
0.6786 2.85 4.20 7.1255 3.1174 5.5773 
0.8028 2.28 2.84 5.8210 3.4027 4.9356 
0.8714 1.22 1.40 6.1586 3.5117 4.8723 
1.0035 2.85 2.84 5.6687 3.3080 4.9228 
1.2214 1.71 1.40 6.1974 3.7615 4.9463 
1.6286 2.28 1.40 6.4483 3.3095 5.0502 
2.0357 2.85 1.40 6.5690 3.1312 4.8789 
 
 
2.5.1.2 Trickle fill 
In this section the measured drop distributions 260 mm under a double layer of trickle fill can 
be seen. This corresponds to a fill height of 900 mm. An example of the trickle fill used in 
these measurements can be seen in figure 2.18. 
 
Figure 2.18 : Trickle fill 
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The measured cumulative mass distributions can be seen in figure 2.19 to figure 2.22 together 
with corresponding empirical Rosin Rammler distribution curves.   
 
Figure 2.19 : Cumulative mass distribution directly under trickle fill, Ga = 1.22 kg/m2s 
 
 
Figure 2.20 : Cumulative mass distribution directly under trickle fill, Ga = 1.71 kg/m2s 
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Figure 2.21 : Cumulative mass distribution directly under trickle fill, Ga = 2.28 kg/m2s 
 
 
Figure 2.22 : Cumulative mass distribution directly under trickle fill, Ga = 2.85 kg/m2s 
 
In figure 2.23 the measured Sauter mean diameters are plotted for the different air and water 
mass flow rates considered.  
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Figure 2.23 : Sauter mean diameter directly under trickle fill  
 
In table 2.3 the Rosin Rammler constants, as used in equation (2.2), are provided together with 
the corresponding Sauter mean diameters. The measured distributions for the different air and 
water flow combinations under the trickle fill are provided in Appendix G. 
 
Table 2.3 : Constants for Rosin Rammler equation with Sauter mean diameters of trickle fill 
Ga/Gw Ga Gw 78[mm] nRR[-] d32 
0.2905 1.22 4.20 6.3512 3.6495 5.4849 
0.4071 1.71 4.20 6.0442 3.6300 5.0442 
0.4296 1.22 2.84 6.2215 3.2368 5.0785 
0.5429 2.28 4.20 6.3202 3.9768 5.1762 
0.6021 1.71 2.84 5.7752 3.9242 5.1365 
0.6786 2.85 4.20 5.8233 3.3944 5.0504 
0.8028 2.28 2.84 5.6024 3.8185 4.700 
0.8714 1.22 1.40 6.0479 4.0532 5.0113 
1.0035 2.85 2.84 5.3928 3.1790 4.7441 
1.2214 1.71 1.40 6.0648 4.2493 5.0452 
1.6286 2.28 1.40 5.8932 3.2932 4.7248 
2.0357 2.85 1.40 6.3177 2.7542 4.9203 
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2.5.1.3 Fibre cement fill 
The fill setup in the test section and the fill itself is shown in figure 2.24 and figure 2.25 
respectively. 
 
This type of fill was in former years commonly used in South African counter flow wet-
cooling towers. It consists of vertical asbestos sheets, which are 4 mm thick, 900 mm high and 
spaced 20 mm apart.  
 
Drop distribution measurements are taken 260 mm below the fill. Because of the fact that the 
water distribution system in the cooling tower test facility sprays the water vertically down and 
not like the sprayers that are used in the industry, the fill is covered with a layer of shade cloth 
on top. This is done to minimize the effect of the sprayers on the measurement by preventing 
the spray from falling through the fill without contact.  
 
  
Figure 2.24 : Fill installation          Figure 2.25 : Fibre cement fill 
 
 
The measured cumulative mass distributions, below the fibre cement fill, for different air and 
water flow combinations, together with the empirical Rosin Rammler function are shown in 
figure 2.26 to figure 2.29.  
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Figure 2.26 : Cumulative mass distribution directly under fibre cement fill, Ga = 1.22 kg/m2s 
 
 
Figure 2.27 : Cumulative mass distributions directly under fibre cement fill, Ga = 1.71 kg/m2s 
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Figure 2.28 : Cumulative mass distribution directly under fibre cement fill, Ga = 2.28 kg/m2s 
 
 
Figure 2.29 : Cumulative mass distribution directly under fibre cement fill, Ga = 2.85 kg/m2s 
 
Figure 2.30 shows a plot of the Sauter mean diameters for the corresponding air to water mass 
flow combinations.  
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Figure 2.30 : Sauter mean diameter immediately below the fibre cement fill  
 
Table 2.4 shows the Rosin Rammler parameters as well as the related Sauter mean diameters 
for the measured data. The measured data are provided in Appendix G. 
 
Table 2.4 : Constants for Rosin Rammler equation with Sauter mean diameters of fibre cement 
Ga/Gw Ga Gw 78[mm] nRR[-] d32 
0.2905 1.22 4.20 6.4404 3.7067 5.1950 
0.4071 1.71 4.20 6.6276 3.4561 5.6161 
0.4296 1.22 2.84 6.9125 3.8940 5.4159 
0.5429 2.28 4.20 6.7114 3.8002 5.5570 
0.6021 1.71 2.84 6.1159 3.6255 5.1885 
0.6786 2.85 4.20 7.5694 3.4311 5.9771 
0.8028 2.28 2.84 6.4924 3.6368 5.1519 
0.8714 1.22 1.40 6.4706 4.4675 5.0127 
1.0035 2.85 2.84 6.9743 2.9973 5.7606 
1.2214 1.71 1.40 6.5510 4.6232 5.1288 
1.6286 2.28 1.40 6.6962 3.8060 5.3386 
2.0357 2.85 1.40 6.2274 3.8432 5.1471 
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2.5.2 Drop break-up characteristics of a specifically designed slat grid 
In this section, drop distributions are measured below different arrangements of the slat grid 
specifically designed for this project, installed below the trickle fill. These arrangements 
include varying the height between the grid and the fill and also inserting multiple layers of the 
grid. Where multiple layers of the grid are used the spacing between the layers is kept at 60 
mm and a staggered configuration is used. For these tests the water mass flow rate is kept 
constant at 2.84 kg/m2s with no air flow. The Sauter mean diameter 260 m below the trickle 
fill for this case is 5.19 mm and below the water distribution system it is 3.57 mm. All 
measurements are provided in Appendix G. 
  
The drop distribution measurements are always taken 260 mm below the lowest slat grid in the 
arrangement to ensure that all tests are conducted in a consistent manner. The results of the 
designed slat grid tests can be seen in figure 2.31. 
 
Figure 2.31 : Sauter mean diameter directly below different slat grid arrangements, Gw = 2.84 
kg/m2s 
It can be seen from figure 2.31 that the optimum distance between the grid and the fill is in the 
region of 0.6 m to 0.8 m. It is in this region that the smallest Sauter mean diameters are 
measured below a single and double layer of grid. A similar phenomenon was observed by 
Oosthuizen [1995OO1] for a double layer of coarse expanded metal grid.  
 
Figure 2.31 also show that three layers of grid give the worst results except at 0.2 m and 0.4 m 
where it is only slightly better than a single layer. This can be attributed to the fact that an 
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increased number of slats causes an increased amount of dripping below the arrangement. 
Primary dripping drop sizes for 3 mm slats are typically around 6 mm in diameter according to 
equation (4.21) [1994DR1].  
 
There is some improvement in the drop size reduction when two layers of slat grid are 
staggered with respect to each other, as opposed to one layer. The reason for this is that it is 
possible for a drop larger than 6 - 7 mm to pass through one layer of the slat grid seeing that 
the spacing between the slats is 10 mm. The dripping below the 3 mm slats causes the 
formation of drops with diameters between 6 and 7 mm and the introduction of a second or 
third layer of grid also means an increased amount of dripping. Seeing that the Sauter mean 
diameter is much more sensitive to the number of larger drops, a second layer can still 
contribute to decreasing the Sauter mean diameter, because it eliminates the largest drops. 
However, when drops passed through the second layer all the drops larger than 6 – 7 mm are 
eliminated and the dripping effect from the third layer outweighs its contribution to drop 
break-up. 
 
Other effects like counter flowing air, spacing between the different layers of slat grid, as well 
as drop break-up or coalescence that takes place as the drops travels through the rain zone 
below the grid needs to be investigated. Figure 2.32 show the layout of these experiments.   
 
Figure 2.32 : Test setup for grid spacing and air tests 
 
One layer of slat grid is placed 0.8 m below the cooling tower fill and the drop measurement is 
taken 1.8 m below the fill. The measurement is done with and without counter flowing air. 
This is then repeated when another grid is placed 0.8 m below the first grid. For all four cases 
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the water mass flow is 2.84 kg/m2s and when counter flowing air is introduced in two of the 
cases the air mass flow is 2.28 kg/m2s. The Sauter mean diameters for all four cases are given 
in table 2.5 and the measured data in Appendix G. 
 
Table 2.5 : Sauter means for 0.8m grid spacing and air tests, Gw = 2.84 kg/m2s 
Ga [kg/m2s] Number of layers d32 [mm] 
0 1   2.83 
[260 mm below grid] 
2.28 1 2.85 
0 1 2.54 
2.28 2 2.48 
0 2 2.47 
 
Bad water quality often encountered in cooling towers can lead to fouling and blockage of 
splash grids, which could be avoided or reduced by increasing the slat pitch.  Tests are 
therefore conducted on two grids installed 60 mm apart, where the slats are staggered and the 
pitch on each grid is increased to 20 mm by removing alternate slats.  The goal is to obtain a 
slat configuration equivalent to that of a single grid tested above, but which provides larger 
openings for objects in the water to pass through. In figure 2.33 the measured Sauter mean 
diameters immediately below this configuration are compared to the Sauter mean diameters 
measured below a single grid of the original layout as shown in figure 2.3.  
 
Figure 2.33 : Sauter mean diameters immediately below equivalent slat grid setups, Gw = 2.84   
kg/m2s 
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2.5.3 Drop break-up characteristics of expanded metal grid 
The drop distribution directly below one and two layers of expanded metal grid is also 
measured for different spacings between the grid and the fill. The expanded metal grids are 
inserted below a trickle fill with no counter flowing air and a water mass flow of 2.84 kg/m2s.   
 
For the measurements done under a double layer of the grid, the spacing between the 
individual layers is 100 mm.  
 
Figure 2.34 shows the results for the drop size measurements under the expanded metal grids. 
 
 
Figure 2.34 : Sauter means measured immediately below expanded metal grids, Gw = 2.84 
kg/m2s 
 
2.6 Discussion of results 
The drop distribution is measured below three types of cooling tower fill. The trickle fill 
produced the smallest drops followed by the film fill. The Sauter mean diameter for the 
distributions measured below the fills generally range from 5 – 6 mm, but Sauter means as 
large as 6.0 mm are measured below the fibre cement fill. The data for the trickle and film 
packing is in accordance with Kröger [2004KR1] where it is stated that the Sauter mean 
diameters below these types of fill are in the order of 5 – 6 mm. Oosthuizen [1995OO1] 
measured the drop distribution below a trickle fill and the Sauter mean varied between 5 – 5.5 
mm. These values compare well with the results measured in this chapter although Oosthuizen 
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[1995OO1] took his measurement 2.125 m below the fill while the fill measurements in this 
chapter are done 260 mm below the fill.  
 
As drops fall through the rain zone there is some break-up that takes place because of the 
increasing hydrodynamic forces on the front end of an accelerating drop, but the change in 
Sauter mean diameter tend to be relatively small.  This can also be seen below a grid that is 
placed into the rain zone. By comparing the Sauter means measured 0.26 m below a single 
layer of slat grid with the Sauter mean measured 1 m below the same layer it can be seen that 
there is some drop size reduction over the rain zone, which can be seen in table 2.5. Over the 
0.75 m, the Sauter mean diameter decreased from 2.83 mm to 2.54 mm. Drops do not only 
break up as they fall through the rain zone, but also collides with other drops. Dreyer 
[1994DR1] reported that these effects are negligible in performance calculations. 
 
Two types of grids are inserted into the rain zone to reduce the drop sizes. The one is designed 
and the other one is made from commercially available expanded metal.  Better drop break-up 
is achieved with the designed grid. Oosthuizen [1995OO1] inserted a double layer of coarse 
expanded metal grid below trickle fill and achieved a minimum Sauter mean of around 4.05 
mm for a grid placement of 0.67 m below a trickle fill. For the designed grid a Sauter mean 
diameter of 2.73 mm is achieved with a double layer of grid placed 0.8 m below the trickle fill 
and spacing between the grids of 60 mm. If the spacing between the grids is increased to 0.8 
while distance between the fill and grid is kept at 0.8 m, the Sauter mean diameter reduces to 
2.47 mm. This is the smallest measured Sauter mean diameter. 
 
2.7 Conclusion and recommendations 
From the experimental work done in this chapter it becomes evident that the best spacing 
between a drop size reduction grid and the fill is between 0.6 m and 0.8 m. If the spacing is 
increased further the Sauter mean can either stay constant or start to increase again.  
 
Better drop size reduction is achieved with the slat grid than with the expanded metal. The 
reason for this might be the areas in the expanded metal grid shown in figure 2.35, from which 
larger drops drip.   When designing a splash grid care must therefore be taken to ensure that 
areas like these are eliminated. 
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Figure 2.35 : Expanded metal dripping regions 
 
Now that the best location for a grid is determined it is also necessary to find the best layout 
for the slat grid (chapter 4) in terms of slat spacing and slat width. The profile of the bottom of 
the slat must also be taken into account to minimize the size of the drops that drip from below 
the slats. This is something that needs to be improved if better drop size reduction is to be 
achieved with multiple layer setups where more than two layers of slat grid are to be used. It 
can be seen in figure 2.31 that the Sauter mean is worse for a three layer setup of the slat grid 
than for a double layer setup when normal slats as shown in figure 2.3 are used. 
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3 
MODELLING OF MOTION AND COOLING OF SINGLE DROPS FALLING 
THROUGH AIR 
 
3.1 Introduction 
In this chapter the thermal and dynamic behaviour of a falling drop in 2 dimensions is 
modelled by numerically solving the equations of motion and cooling derived from first 
principles. Existing correlations for the mass transfer, heat transfer and drag coefficients are 
incorporated in the governing differential equations in order to solve them. At the end of the 
chapter the results obtained from the model are presented. 
 
It is important for the work done in this thesis to be able to model the cooling, velocity and 
trajectory of a single drop in still air as well as in counter and cross flowing air. The results of 
motion obtained from this work provide input data for the model of chapter 4 for determining 
the size reduction of drops by means of evenly spaced slats. In order to model the drop size 
reduction it is necessary to know the speed at which a drop will impact a given slat if it falls 
from a certain height. The different drag models show that the effect of drop deformation on 
the speed of a drop falling from heights normally associated with cooling tower rain zones is 
negligible. The results obtained are used for the validation of CFD models and the numerical 
models for cross flow in chapter 5. The results are also used to determine the Merkel 
[1925ME1] transfer characteristic for a rain zone under the assumption that air properties stay 
constant as well as the pressure drop for a monodisperse rain zone. 
 
3.2 Background 
The governing differential equation for drop speed is derived from Newton’s second law and a 
correlation for drag from literature is used in this equation. From literature it can be seen that 
there are a number of ways in which the drag for a drop can be modelled. A number of 
correlations are found in literature for spheres and are correlated by researchers such as Turton 
and Levenspiel [1986TU1], Clift et. al. [1978CL1], Ferreira [1997FE1] etc. 
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Dreyer [1994DR1] proposed a correlation for the drag coefficient of accelerating drops, which 
includes the effect of drop deformation. He correlated the data from Beard and Chuang 
[1987BE1] for the drag coefficient of a deforming drop at terminal velocity. Dreyer 
[1994DR1] proposed a correlation for drop deformation during acceleration that is a function 
of drop velocity and then went on to propose a correlation for the drag coefficient that takes 
the drop deformation into account. 
 
The governing differential equations for temperature change are derived from the first law of 
thermodynamics. Correlations are employed for the heat and mass transfer coefficients based 
on the heat and mass transfer analogy. Numerous researchers studied heat and mass transfer 
from drops: Frossling [1938FR1], Snyder [1951SN1], Ranz and Marshall [1952RA1], Yao and 
Schrock [1976YA1], Miura et. al. [1977MI1], Srikrishna et. al. [1982SR1]. 
 
3.2 Governing differential equations and numerical methods 
3.2.1 Governing equations for drop velocity 
The free body diagram for a drop falling through air coming from the side at a certain angle 
can be seen in figure 3.1. Figure 3.1 also illustrates the angle of the air velocity relative to the 
drop as well as the drop speed. 
 
Figure 3.1: Free-body diagram of a falling drop in an air stream 
 
From Newton’s second law, the following vector equation in Cartesian co-ordinates can be 
derived for the momentum change of the drop as a result of forces acting on it. 
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9:  ;< = >? @A@B =  A C@;@B < = @>@B ?D (3.1) 
 
The relative velocity between the air and the drop is expressed by 
 EFG  |I| cos M  ;<  |I| sin M = >? (3.2) 
 
The angle  for the relative velocity and also the drag force is given by 
 
   tan#R CS|I| sin M = >T|I| cos M  ; D (3.3) 
 
The magnitude of the drag force acting on the drop is given by 
 
|U!|   12 X!	IY|I|- (3.4) 
 
The resultant force acting on the drop is the vector sum of the drag, weight and buoyancy 
forces and can now be given by 
 9:  |U!| cos < = 	Z  |U!| sin   	IYZ? (3.5) 
 
By substituting equation (3.5) back into equation (3.1), the equation for drop motion in two 
dimensions can be expressed as 
 
C@;@B < = @>@B ?D
  A#R [|U!| cos < = 	Z  |U!| sin   	IYZ? 
   ;< = >? @A@B \ 
(3.6) 
 
When modelling the drag of a water drop it can be assumed that the drop stays spherical the 
whole time, while the more correct method is to take the effect of drop deformation into 
account. 
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If the drop is modelled as a perfect sphere the correlation for drag coefficient proposed by 
Turton and Levenspiel [1986TU1] can be used as given by equation (3.7). According to Clift 
[1978CL1] the dynamic behaviour of a falling drop is well approximated by a spherical model 
if the Eotvos (Eo) number is smaller than 0.15. 
 
X!.]
^_._  24 1 = 0.1731.c3d = 0.4131 = 16300#R.1f (3.7) 
 
This equation gives good results for low Reynolds numbers and small drop diameters or in 
other words, falling drops with Eotvos numbers smaller than 0.15. When Reynolds numbers 
start to increase or drop diameters get larger this assumption is not valid anymore because drop 
shapes start changing to non-symmetrical ellipsoidal shapes [1994DR1]. This happens because 
of the increasing hydrodynamic pressure at the front surface of the drop while the rear has a 
more uniform hydrodynamic pressure [1994DR1], [1978CL1]. According to Clift [1978CL1] 
the increasing oblateness of a drop at higher Reynolds numbers tends to promote the formation 
of a wake behind the drop that in turn leads to vortex shedding, which subsequently leads to 
higher drag coefficients. Clift [1978CL1] reported that the appearance of a wake and the onset 
of wake shedding occur at Re values of between 20 and 200 respectively when the system is 
contaminated. However, for a purified system with the same properties the wake can be 
delayed to Re = 800. Secondary motion like drop oscillation also occurs in a falling drop and 
the onset of this motion coincides with the onset of vortex shedding from the wake [1978CL1].  
 
To take the deformation of a drop into account when calculating drag coefficient, one starts by 
determining the aspect ratio of a spherical body that is defined by 
 
g   hIij (3.8) 
 
where da and db are depicted in figure 3.2.  
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Figure 3.2 : Deformed drop geometry 
 
Dreyer [1994DR1] correlated the data for drop deformation at terminal velocity that was 
measured by Beard and Chuang [1987BE1].This correlation is given by 
 gk  1 = 0.148gm1.n3#R         gm o  0 (3.9) 
 
where the Eotvos number, Eo, is given by: 
 
gm   	  	IY  (3.10) 
 
Dreyer [1994DR1] also proposed a correlation for the deformation of an accelerating drop 
which is given by 
 
g  1  hkj 1  gk (3.11) 
 
The improved drag coefficient can now be determined from 
 
C X!X!,]
^_._D  1  0.171851   g =  6.6921   g   6.6051   g) (3.12) 
 
It should be noted that the improved drop drag coefficient is based on the actual frontal area of 
the deformed drop with the diameter of the deformed drop given by 
 .  ,]
^_._g#R/) (3.13) 
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3.2.2 Governing equations for temperature change 
In figure 3.3 the control volume for a drop is shown that is subjected to heat and mass transfer. 
 
Figure 3.3 : Control volume for a cooling drop 
 
From the first law of thermodynamics the rate of energy change in a falling drop can be 
derived and is given by  
 @s@B   tuvY  w_xy (3.14) 
 
The rate of change of the internal energy of the drop can also be expressed by  
 @s@B    @AYz@B  Az YB =  AY zB = Yz AB  (3.15) 
 
In equation (3.15) the assumption can be made that the rate of change of the specific heat is 
negligible and the specific heat for constant pressure equals the specific heat for constant 
volume in a water drop. The rate of change of internal energy can now be given by the 
following relation: 
 @s@B  A
 zB = 
zAB  (3.16) 
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By combining equations (3.16) and (3.14) and by realizing that me = -dM/dt, the rate of 
temperature change in a falling drop can be expressed by 
 zB   w_xy  tuvYA
{  (3.17) 
 
The convection heat transfer can be modelled by using the following equation for convection 
heat transfer rate. 
 tuvY  -]z  z| (3.18) 
 
The only unknown in equation (3.18) is the convection heat transfer coefficient hc, which can 
be determined from the Nusselt number.  Ranz and Marshall [1952RA1] proposed the 
following correlation for spheres: 
 
}~  2 = 0.6RIYR)                  m         2     800  (3.19) 
 
All properties in equation (3.19) are evaluated at the film temperature between the drop and 
the surrounding air. 
 
Martin [2005MA1] proposed the following correlation for Nusselt number in terms of friction 
factor which comes from the analogy that exist between frictional pressure drop and heat 
transfer 
 
}~  2 = 0.4038R)      m        10#R     10c (3.20) 
 
where 
 
  16 ⁄ =  3.73R =  0.03 (3.21) 
 
Pierce [2007PI1] made use of a modified form of the equation by Ranz and Marshall 
[1952RA1] 
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}~  2 = 0.6RIYR)          m                    2500 (3.22) 
 
where 
   0.68 C X!X!kD
#1.n = 0.95C1 = 1.4 h X!X!kj#D
 (3.23) 
 
When the Nusselt number is determined, the heat transfer coefficient can be obtained from the 
definition of the Nusselt number. 
 
}~  IY  (3.24) 
 
There is also enthalpy transfer to the air stream because of evaporation that takes place. In 
order to quantify the enthalpy transfer the mass transfer rate must be determined 
 
The mass transfer [1996IN1] from a drop travelling through air at a certain velocity can be 
expressed approximately by  
 w_  !-	Y]  	Y| (3.25) 
 
In order to determine the mass transfer rate from the drop, the mass transfer coefficient hD 
must be obtained. This can be obtained by first determining the Sherwood number as 
correlated by Ranz and Marshall [1952RA1].  
 
"  2 = 0.6R"R) (3.26) 
 
Martin [2005MA1] proposed the following correlation for the Sherwood number in terms of 
friction factor 
 
"  2 = 0.4038"R) (3.27) 
 
with cF given by equation (3.21). 
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The mass transfer coefficient can now be obtained from the definition of the Sherwood 
number as given by 
 
"  !   (3.28) 
 
All properties for the Sherwood number are evaluated at the film temperature between the 
drop and the air. 
 
Different diffusion coefficients exist in literature [1984PE1] [1934GI1], but Gilliland 
[1934GI1] is considered adequate for the drop model and can be obtained from  
 
   0.04357ziR.3 
1AI = 1AY1.3
I hZIR) = ZYR)j  (3.29) 
 
where Ma and Mv are the molar mass values for the air and water vapour respectively and Va 
and Vb are the corresponding molecular volumes. For air Ma = 28.97 kg/mol and Va = 29.9 
m
3/mol, while for water vapour Mv = 18.016 kg/mol and Vv = 18.8 m3/mol. 
 
A Merkel number for the rain zone based on the Lagrangian method for a single drop in which 
the air side enthalpy and temperature changes are ignored can be determined from the relation 
for Merkel number given by 
 
A  ..{  (3.30) 
 
where hd is determined from the assumption that the Lewis factor (hc/hdcpma) equals unity and 
arz is the ratio of the total drop surface area contained in mw to the total volume over which 
these drops are spread in the rain zone. The volume over which the drops are spread is simply 
the cross sectional area of the rain zone multiplied by the distance the drop under consideration 
falls in one second. 
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The relation between hD and hd is given by   ! ]{   ]{  ⁄  (3.31) 
 
3.3 Results 
Figure 3.4 shows the velocities of single drops for different path lengths. In figure 3.5 the 
temperature change for different drop sizes are determined. The results of this section are 
obtained with air dry bulb and wet bulb temperatures of 298 K and 295.76 K respectively and 
atmospheric pressure of 101325 Pa. The initial water temperature is 323 K. A sample 
calculation for a single drop falling in still air is provided in Appendix H. 
 
Figure 3.4 : Comparison of velocity between drop deformation and non-deformation model 
 
 Figure 3.5 : Cooling of drops 
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In figure 3.6 the Merkel transfer characteristic, as determined with the Lagrangian model of 
this chapter, for different drop sizes in counter flowing, cross flowing and still air are 
compared. The fall height (Hrz) in each case is 2 m and the air side temperature and humidity 
changes are ignored. 
 
Figure 3.6 : Transfer characteristics for different flow configurations 
 
The De Villiers [1999DE1] correlation for counter flow Merkel number used in figure 3.6 is 
given by the following equations 
 -w{   3.6 h  j hj h IYzI 	{ j "1.)) [5+ h]{ =  0.622 = 0.622 j ]{    \                5.01134	I   192121.7I   2.57724 = 23.61842                0.25390.15YR.cd =  0.180.83667#1.3ff =  0.42                43.06961.dfd =  0.52 
 
(3.32) 
where 
  3.061  10#c 	{f{ 
1.3
 
  998	{  
Y   73.298 3{)	{) 
1.3
 
(3.33a) 
 
(3.33b) 
 
(3.33c) 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 1 2 3 4 5 6 7
M
e
Drop diameter [mm]
Cross flowing air 
(2.5 m/s)
Counter flowing 
air (2.5 m/s)
Still air
De Villiers 
[1999DE1] -
Counter flowing 
air (2.5 m/s)
Stellenbosch University  http://scholar.sun.ac.za
50 
 
  6.122 [{	{ \1.3 (3.32d) 
 
Equation (3.31) is valid for 1 m s⁄    v    5 m s⁄   and  0.5 m   H   5.5 m  and  2 mm   d    8 mm   
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4 
MODELLING OF DROP SIZE REDUCTION BY MEANS OF SLATS 
 
 
4.1 Introduction 
In this chapter the mathematical model used to predict the drop size reduction obtained by 
installing a grid of horizontal evenly spaced slats in a rain zone is presented. This model is 
used for grid design and provides valuable insight into the different mechanisms associated 
with drop impingement on slats resulting in drop break-up.   The first part of the chapter looks 
at the basic theory applicable to drop break-up over narrow slats involving splashing, cutting 
and dripping from below the slat [1994DR1]. The drop size distributions associated with each 
of the break-up modes are discussed and a new correlation is proposed for the distribution of 
drops formed by cutting. The results from the model are compared to measured data and 
finally a correlation for the reduction in Sauter mean diameter for drops falling through a slat 
grid is proposed. 
 
4.2 Theory 
4.2.1 Splashing 
When water splashes from a surface covered by a thin layer of liquid, the sequence of events 
can be described as follows: a thin film of liquid called the crown is thrown upwards; jets form 
at the upper rim of the crown as the crown becomes unstable; these jets break up into many 
small fragments that are ejected at high velocities [1971LE1]. Stow and Steiner [1977ST1] 
concluded that there are a number of variables that influence the consequences of a splashing 
event namely: the impact velocity, the roughness and curvature of the target and the extent to 
which the target is covered by a liquid layer. Levin and Hobbs [1971LE1] used high speed 
photographic techniques to observe splashing and reported that there is no observable 
difference in the splashing on a dry surface and a surface covered by a 0.5 mm thick liquid 
layer. There was however a difference in the time scale associated with the collapsing of the 
crown.  
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When a drop impacts on a narrow slat, a fraction of the drop splashes sideways [1988YA2] 
while the remaining water leaves the slat as cut drops or drops dripping from below the slat. 
The mass fraction of the original drop of water that splashes away from a slat is defined as the 
splash fraction. This fraction is simply the mass of fluid contained in the splash drops over the 
mass of the original incoming drop falling on the surface expressed as 
 
]  A]A  (4.1) 
 
Dreyer [1994DR1] proposes an empirical relation for the average splash fraction of a drop 
falling on a narrow slat covered with a thin layer of water.  The constants for equation (4.2) are 
given in table 4.1. 
 
]8  0.01¡R =  h ¢£j¤¥) = ¥C ££._Dh£j¦
§¦Cc = d h£j¨D (4.2) 
 
where 
£  	  (4.3) 
 
     Table 4.1 : Constants for Equation (4.2) 
Constant 10 mm slat 5 mm slat 2 mm slat 
C1 4.882 6.613 10.737 
C2 22.930 8.200 6.805 
C3 -2.301 -12.550 -12.996 
C4 3.242 13.700 14.766 
C5 5.327E-02 1.628E-02 3.578E-02 
C6 8.061 5.506E-01 1.210E-01 
C7 2.598 12.551 15.575 
C8 -2.977 -1.792 -2.148 
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Weref is the Weber number for the largest stable drop, falling at terminal velocity. The Weber 
number is the ratio of the disruptive hydrodynamic force to the stabilizing surface tension 
forces in a free falling drop [1994DR1].  The largest stable drop diameter can be expressed by  
 
  © 16	  	IY (4.4) 
 
The cumulative mass distribution of the drops that are formed by splashing can be described 
by the following Rosin Rammler equation. 
 
  1  ª C h 44jv((D (4.5) 
 
where 
44  31 h0.6931#$ Rv((&j (4.6) 
 
The spread parameter was correlated by Dreyer [1994DR1] and is given by 
 
+44  ¡24.532  75.174 h¢j C ££._D
1.d¤  
                                                              ¡0.149 = 6.801 · 10# C ¬g¬g._D
#1.dc¤ (4.7) 
 
KEref is the reference kinetic energy defined as 
 
¬g._  0.5 C	/)6 D k (4.8) 
 
The mass median diameter to maximum stable drop diameter ratio, as correlated by Dreyer 
[1994DR1] is given by  
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h31j  3.08 · 10# = C0.163 = 4.560 · 10# h ¢j#1.)D 
      ¡0.804  0.619 C ££._D
#1.d¤C1.738 = 1.980 h¢j#1.RdD 
(4.9) 
 
Dreyer [1994DR1] also determined the following equation for the mean water film thickness 
on a slat for different conditions 
 ¢  0.315  1.387 · 10#{   2.550 · 10#)I =  1.575 · 10#£          3.992 · 10#£ =  1.916 · 10#){£ =  2.188 · 10#)I£ (4.10) 
 
4.2.2 Cutting 
When a drop impacts on a slat that is narrower than its diameter, the drop break-up is a 
combination of splashing and cutting. Cutting is when a part of the drop, normally the part not 
directly over the slat, is cut off from the impacting drop by the sharp edge of the slat. The mass 
fraction of water that leaves a slat in the form of cut drops can be defined by a cutting fraction.  
This fraction is simply the mass of the drops that form due to cutting, divided by the mass of 
the original drop expressed as 
 
  AA  (4.11) 
 
The cutting of drops by a slat is shown in figure 4.1.  The rest of the water splashes or drips 
from below the slat. 
 
Figure 4.1 : Cutting of a drop on a slat 
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The average cutting fraction of drops impacting a slat is the average fraction of the mass cut 
off by a sharp edged slat of width W,  if a drop of diameter di impacts the slat at every position 
between – (W+ di)/2 and (W+ di)/2. The average cutting fraction is given by the following 
equation by Dreyer [1994DR1]: 
 
8  $­ ª@ª®¯ °/#®¯ °/ &£ =   £ =  (4.12) 
 
Figure 4.2 shows average cutting fraction against drop diameter for different slat widths.  
 
 
Figure 4.2 : Average cutting fraction for different slat widths 
 
If it is assumed that the part of the drop that is cut from the original drop is not directly over 
the slat, the mass of the cut drops can be calculated by  
 
A  	 /±3 h32   ±j (4.13) 
 
where 
 
±   h2ª £2 j = h2 j (4.14) 
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Figure 4.3 illustrates the variables used in equations (4.13) and (4.14). 
 
 
Figure 4.3 : Variables of equation 4.13 and 4.14 
 
Dreyer [1994DR1] suggests that the average mass of drops that form, due to cutting of a drop 
impacting a slat between x=0 and x = (W + di)/2 can be calculated with equation (4.13), by 
simply replacing b with the following average relations.  
 
±IYy  h34 j  h£4 j (4.15) 
 
±IYy  h4 j  h£4 j (4.16) 
 
Another way of representing the mass distribution is suggested for the purposes of modelling 
the splash grid by the author of this thesis. Rather than representing the mass distribution of 
the drops impacting a slat between x = 0 and x = (W + di)/2 as two drops of an average size, 
the cumulative mass distribution as shown by the following equation is suggested. 
 
 hj   0.498216 hjc =  0.246347 hj3 =  0.039492 hj 
                 0.061091 hj)   0.010561 hj =  0.028724 hj                  0.003663 
(4.17) 
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Figure 4.4 shows a drop impacting on a narrow slat. Equation (4.17) is obtained by looking at 
the mass distribution of the drops formed by cutting, when a drop impacts a slat between x = 0 
and x = (W + di)/2 in 200 increments. For each increment the mass of the drop not directly 
over the slat on both sides of the slat is determined with equation (4.13) by substituting b with 
bA and bB given by equations (4.18) and (4.19). The assumption is made that the two new 
drops are spherical and the diameter of both drops are determined from the two masses. When 
the drops formed by cutting at all the increments are determined, their cumulative mass 
distribution is plotted and the curve of equation (4.17) is obtained. Figure 4.5 shows the 
cutting mass distribution for 5 mm drops impacting a 3 mm slat from x = 0 to x = (W + di)/2 in 
200 increments and the cutting mass distribution predicted by equation (4.17). 
             
Figure 4.4 : Drop impacting on a slat         Figure 4. 5 : Cutting mass distribution (di = 5 mm, 
W = 3 mm)  
 
The variables bA and bB in figure 4.4 are expressed by 
 ±     £ 2⁄   ª (4.18) 
 ±     £ 2⁄ =  ª (4.19) 
 
4.2.3 Dripping 
Dripping is when drops hang from below a slat and drip down due to gravity.  The size 
distribution of the drops that form because of dripping is influenced by the geometry of the 
slat.   
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According to Yung [1980YU1] dripping occurs when large primary drops form at fixed points 
below the slats due to water running down the side of the slats.  Every primary drop that drips 
from the slat is followed by a number of smaller, satellite drops.  Dreyer [1994DR1] 
established that the sizes of the primary drops could be linked to a shape factor for the specific 
geometry. The shape factor is defined by equation (4.20) and depicted by figure 4.6. 
 
Figure 4.6 : Schematic representation of the shape factor 
 
S = Circumference of interpenetration line on slat / Circumference of sphere (4.20) 
 
The primary drop size that drips from the bottom of a slat can be expressed as 
 

  X© 	  	IY (4.21) 
 
The non-dimensional drop size is calculated using equation (4.22) and is a function of the 
shape factor. 
 
X  2.206 = h0.05971.1  "j (4.22) 
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It can be noted that the shape factor (S), for a large horizontal surface equals 1 and that of a 
thin horizontal slat equals more or less 2/π. For the purpose of modelling the slat grid, the 
shape factor can be taken as 2/π because 3 mm slats are used. 
 
The size of the primary drop dripping from below a 3 mm slat is normally about of 6 - 7 mm 
as confirmed by Dreyer [1994DR1]. This can become a problem when multiple layers of the 
slat grid are inserted in the rain zone to try and achieve better drop break-up. With multiple 
layers the dripping becomes more dominant because of the increased overall slat length from 
where the dripping can take place. The Sauter mean diameter below the multiple layers can 
thus be even larger than that of a single layer.  
 
The sizes of the drops that drip from below a slat can be decreased by changing the profile of 
the slat bottom as shown in table 4.2 for 3 mm wide slats. Tests are done in which the profile 
of the bottom surface of the slat is varied to determine the reduction in primary drop size. The 
tests are done with the experimental rig described in Appendix D. 
 
   Table 4.2 : PVC slat profiles (3 mm wide) for Γ = 0.078 kg/ms with primary drop sizes 
Slat Profile dp [mm] 
 
 
A 
 
 
 
6.88 
 
 
B 
 
 
5.13 
 
 
C 
 
 
 
5.42 
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Table 4.2 (Continued) 
Slat Profile dp [mm] 
 
 
D 
 
 
 
4.63 
 
 
E 
 
 
                          (Sandblasted) 
 
 
5.35 
 
 
F 
 
    (Sharpened over the slat length ) 
 
 
4.01 
 
 
G 
 
 
6.30 
 
 
H 
 
                     (Embedded fins) 
 
 
5.38 
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4.3 Solution procedure 
In order to model the drop break-up, the initial cumulative mass distribution of the drops 
above the grid must be known. To simplify the calculations drops are allocated to different 
parcels. A parcel in this case, is a group of drops of which the diameters do not vary by more 
than 0.25 mm. All the drops in the parcel are given the mean diameter value of the parcel.  
 
The average splash fraction for each parcel can be determined from equation (4.2) and the 
drop distribution of the splash drops that are formed due to splashing can be determined from 
equation (4.5). 
 
The average cutting fraction of each parcel can be determined from equation (4.12) and the 
distribution of the drops formed by cutting can be determined from equation (4.17). 
 
The combined cutting and splashing cumulative mass distribution are determined by 
summating the number of drops in the splashing and cutting parcels that represents the same 
diameter, and then calculating the cumulative mass distribution. 
  
The mass flow rate of the drops dripping from below the slats can be determined by doing a 
mass balance which is discussed later in this section. Equation (4.21) is now used to determine 
the diameter of the primary drop dripping from below a slat. For every primary drop there are 
five satellite drops and their sizes vary linearly between 0.24dp and 0.46dp. 
 
4.3.1 Initial drop distribution 
The initial drop distribution entering the rain zone must be provided as an input to the model. 
Distributions were measured for different air and water flow combinations under different 
types of fill material and the results are presented and discussed in chapter 2. 
 
4.3.2 Drop drag models  
The drag model (equation 3.12) which takes drop deformation into account is used to model 
the drop drag. The dynamic behaviour of a deforming drop and that of a sphere of the same 
density and size are similar when falling at lower speeds. At higher speeds however they 
deviate, ultimately projecting significantly different terminal velocities. 
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4.3.3 Drop-drop collisions 
As the drops travel between the fill and the slat grid, the larger drops fall faster than the 
smaller ones which could result in possible collisions between larger and smaller drops. After 
collision the two drops can bounce away from each other, coalesce permanently or coalesce 
temporarily and then bounce away from each other again. Dreyer [1994DR1] reported that the 
effect of drop collisions on the transfer characteristics and pressure drop were negligible in the 
sensitivity analysis of his model, so this will be ignored for this simplified model. 
 
4.3.4 Film thickness on the slats 
The average film thickness is calculated using equation (4.10).  It is assumed that the water 
film is always completely formed on the slats. 
 
4.3.5 Drop break-up 
When drops fall on the slat grid, some of the drops will impact on the slats causing them to 
break up and others will pass through the grid unhindered. The way that this is determined is 
by determining the effective break area of the slats. If drops of diameter di, impacts on a slat of 
width W and length L the effective break area of the slat can be calculated from 
 -i  ²£ =  (4.23) 
 
The number of drops of a specific size that fall on the slats of a splash grid that contains Ns 
slats can then be calculated from  
 
}i  } C}]²£ = -. D (4.24) 
 
where 
 
Ni = Total number of incoming drops of a specific diameter di 
Afr = Total cross-sectional frontal area 
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4.3.6 Splash model 
The splash model as described in section 4.2.1 is used to model the splashing of drops on the 
slats of the slat grid. Firstly the total mass of drops of a specific drop diameter that impacts the 
slats is multiplied by the average splash fraction associated with the same drop diameter. 
Secondly the Rosin Rammler curve (equation 4.5) is used to determine the distribution of the 
splash drops. 
 
4.3.7 Cutting model 
The cutting distribution is determined by again multiplying the total mass of a specific size 
drop falling on the slats, by the average cutting fraction associated with the same diameter. 
The distribution of this mass is then determined by using the distribution given by equation 
(4.17). 
 
4.3.8 Dripping model 
The average dripping mass is determined by means of a mass balance over the slat grid to 
determine the mass of water dripping from the slats. The total incoming mass that impacts on 
the slats must be equal to the mass of water leaving the slats due to cutting, splashing and 
dripping. This can be expressed as  
 
w  ³$w{}]²£ = ,´&´  ³$],µ%%%%w{}]²£ = ,´&´               ³$,µ%%%%w{}]²£ = ,´&´  
(4.25) 
4.3.9 Upward flowing drops 
When the counter flow air velocity becomes bigger than a drop’s terminal velocity the drop 
will move in the direction of the air stream and it is assumed they never reach the splash grid. 
The mass of these drops are then simply subtracted from the incoming mass to the slat grid and 
ignored in further distribution calculations.  
 
4.3.10 Modelling drops in parcels 
Because there are too many different drop sizes present in a distribution, drops are grouped in 
parcels.  
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4.4 Results 
In order to validate the model developed in this chapter, it must be proven that the model 
follows the same trends as the measured data and that the numerical values obtained from the 
model are comparable to measured data. Figure 4.7 shows the cumulative mass distribution 
obtained for a single water flow rate with different air flow rates as predicted by the model. 
The Sauter mean diameters for the distributions of figure 4.7 are shown in figure 4.8. In these 
results the spacing between the slat grid and the fill (Hfg) is kept at 0.6 m.  
 
Figure 4.7 : Predicted cumulative mass distributions below slat grid for Gw = 2.84 kg/m2s,  
Hfg = 0.6 m 
 
Figure 4.8 : Predicted Sauter mean diameters below slat grid for Gw = 2.84kg/m2s, Hfg = 0.6 m 
 
The input cumulative mass distributions used to predict the results shown in figures 4.7 and 
4.8 are the mass distribution measured 260 mm below the trickle fill for the corresponding air 
and water flow rate combination as provided in chapter 2. With this approach the predicted 
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Sauter mean diameter below the grid seems to stay relatively constant with an increasing air 
mass flow rate.  
 
The cumulative mass distribution of the drops measured immediately below the trickle fill for 
a water mass flow rate of 2.84 kg/m2s with no air flow can be seen in figure 4.10. This is the 
input distribution used in the model for all further modelled results obtained in this section 
except where stated otherwise. 
 
Figure 4.9 shows a comparison between the Sauter mean diameters measured immediately 
below one layer of slat grid with different fill-grid spacings and the values predicted by the 
model. In each case the cumulative mass distribution of figure 4.10 is used as an input to 
predict the Sauter mean diameter directly below the slat grid.  
 
 
Figure 4.9 : Measured and predicted Sauter means below one layer of slat grid, Gw = 2.84  
kg/m2s, no air 
 
Figure 4.10 also shows a comparison between the measured and predicted mass distribution 
below a single layer of the designed slat grid. 
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Figure 4.10 : Measured and predicted mass distribution, Gw = 2.84 kg/m2s, no air, Hfg = 0.6 m 
 
The model is used to conduct a sensitivity analysis to determine the influence of each variable 
on the drop size reduction of the slat grid. A correlation is proposed by the author for the drop 
size reduction of a slat grid and is given by  
 ),u),  0.22042y#1.c)c£#1.Rf1"1.R)RR1.1ff)¶·# 1.1)1fd¶¸ (4.26) 
 
Figures 4.11 to 4.13 show the results of the sensitivity analysis together with the results 
predicted by equation (4.26). All the results are obtained for Gw = 2.84 kg/m2s and no air flow. 
 
Figure 4.11 : Effect of distance below the fill on the Sauter mean diameter, S = 10 mm, W = 
3mm 
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Figure 4.12 : Effect of slat width on the Sauter mean diameter, Hfg = 0.6 m, S = 10 mm 
 
 
Figure 4.13 : Effect of spacing between the slats on Sauter mean diameter, W = 3 mm, Hfg = 
0.6 m 
 
Figure 4.14 shows the results obtained for a single layer of the slat grid with different slat 
profiles on the bottom of the slat. The profiles of slat A and slat F, as shown in table 4.2, are 
compared for different fill-grid spacings. 
  
Figure 4.14 : Comparison between the bottom profiles of slats, Gw = 2.84 kg/m2s, No air  
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In figure 4.15, equation (4.26) is used to predict the Sauter mean diameters immediately below 
one layer of slat grid for the same conditions as in figure 4.8. The results of the equations are 
compared to the results of figure 4.8 that is obtained with the model. The inlet Sauter means 
are the measured results immediately below a trickle fill for the applicable flow condition as 
provided in chapter 2.   
 
Figure 4.15 : Predicted Sauter mean diameters below one layer of slat grid, Gw = 2.84 kg/m2s 
 
A sample calculation for the break-up model is provided in Appendix I. 
 
4.5 Discussion and recommendations 
Although the simplified model isn’t very accurate in predicting the drop distribution (figure 
4.10) below a slat grid, it provides valuable insight into trends associated with the change of 
the different variables and serves as a handy design tool. 
 
Figure 4.8 shows that the model follows the expected trend when the air mass flow is 
increased and the Sauter mean diameter stay relatively constant. This relationship between the 
Sauter mean and the air-water mass flow ratio is also seen in Oosthuizen’s [1995OO1] 
measurements below a coarse expanded metal grid. 
 
Figure 4.9 shows that the predicted Sauter mean diameter compares favourably with the 
experimental results, following the same trend with increasing distance between the grid and 
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fill-grid distance of 0.6 m from where the deviation between the measured and predicted 
Sauter means start to increase because of the fact that the measured Sauter means stay 
constant. It can be seen from the measured data provided in figure 2.31 that the Sauter mean 
either becomes constant or increases again for a grid-fill spacing of larger than 0.6 m. 
Oosthuizen [1995OO1] also found that the Sauter mean diameter below a coarse expanded 
metal grid started increasing again at a fill-grid spacing of 0.67 m. Fill-grid spacing beyond 0.6 
m are therefore assumed unimportant in terms of modelling. 
 
The under prediction in Sauter mean comes from the way in which splashing is treated in the 
model. The simplifying assumption is made that drop interaction of any kind can be ignored. 
However, when a drop impacts on a slat in the rain zone of a wet-cooling tower the splash 
drops leave the slat at a certain trajectory after which three things can happen: the splash drops 
fall through the grid; upward moving splash drops coalesce with other falling drops; the splash 
drops impact on the same slat or on other slats, but do not cause any splashing because of their 
low kinetic energy and become part of the water film present on the slats. This means that 
many of the originally formed splash drops, generally smaller than 1.5 mm in diameter, are not 
present in the measurements because of their interaction with other falling drops. The 
measured Sauter mean diameter is therefore larger than the predicted one because of the 
absence of many of the smaller drops predicted by the model. 
 
From the sensitivity analysis of the model an important observation can be made in terms of 
the optimum slat width for a slat grid like the one used in this thesis. It can be seen from figure 
4.12 that slat widths greater than 3 mm do not significantly reduce the Sauter mean diameter 
anymore. When one looks at the loss coefficients for grids with sharp edged slats, one can see 
that the loss coefficient doubles from 3 mm to 5 mm slats. This can be seen in Appendix C.  
The assumption can then be made that a 3 mm slat is the optimum slat width. 
 
Lastly the model shows that the spacing between the fill and the grid has a strong influence on 
drop size reduction up to the region between 0.6 m and 0.8 m. 
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5 
MODELLING OF CROSS FLOW RAIN ZONE PERFORMANCE 
 
5.1 Introduction 
In counter flow natural draught wet-cooling towers, air entering the cooling tower moves in 
cross flow to the water whereas closer to the centre of the tower the air is virtually in counter 
flow.  
 
This chapter looks at 4 different methods of analysis for modelling rain zone performance 
characteristic in cross flow configuration, namely Lagrangian, Poppe, Merkel and 
effectiveness-NTU (e-NTU).  The data used for this investigation is obtained from CFD 
simulations based on the two distributions shown in table 5.1. Distribution A is measured 
below two layers of the designed grid (Hfg = 0.8 m, Gw = 2.84 kg/m2s, no air) and distribution 
B is measured 260 mm below a trickle fill (Gw = 2.84 kg/m2s, no air). Each distribution is 
modelled as a polydisperse distribution according to the Rosin Rammler parameters provided 
in table 5.1, a monodisperse distribution according to the Sauter mean diameter and the exact 
polydisperse distribution as measured in chapter 2. The measurement data are presented in 
chapter 2 and provided in Appendix G. 
 
Table 5.1 : Input drop distributions for CFD analysis 
Distribution Minimum 
diameter [mm] 
Maximum 
diameter [mm] 
Mean diameter 
[mm] 
Spread 
parameter [-] 
d32  
[mm] 
A 0.75 7.75 3.971 1.555 2.73 
B 0.25 8.75 5.948 4.1327 5.19 
 
The main method for determining cooling tower performance is the Merkel method which is 
generally used to evaluate fill materials. Merkel’s [1925ME1] theory for the evaluation of 
cooling towers relies on three important assumptions which are: 
• The Lewis factor equals unity 
• The air leaving the tower is saturated 
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• The water that evaporates is neglected in the energy balance 
 
Poppe and Rögener [1991PO1] developed the Poppe model and do not make the 
simplifications of the Merkel method. They use a correlation (equation 5.5) by Bosnjakovic 
[1965BO1] to determine the Lewis factor. The Poppe and Merkel methods are solved 
iteratively and a solution is converged when the predicted outlet water temperature equals the 
measured temperatures or equals the outlet temperature predicted with CFD, as is the case in 
this chapter. 
 
Jaber and Webb [1989JA1] developed the equations necessary to apply the effectiveness-NTU 
method directly to counter flow and cross flow cooling towers.  
 
Marseilles et. al. [1990MA1] suggested that the assumption of the liquid surface temperature 
being equal to the bulk fluid temperature can lead to an over-prediction in the system 
performance at high inlet water temperatures. This means that no resistance to heat transfer is 
assumed on the liquid side. However from Marseilles’s work the effect of film resistance only 
became significant for water inlet temperatures higher than 50 °C. Natural draught cooling 
towers usually operate at inlet water temperatures of up to 60 °C, while air cooled heat 
exchangers are generally used when the process fluid temperature exceeds 60 °C [2006VI1]. 
 
Kloppers [2005KL2] compared the Poppe, Merkel and e-NTU methods for determining the 
performances of a natural draught cooling tower. He concluded that the three methods predict 
almost the same water outlet temperature. The Merkel and e-NTU methods are expected to 
give identical results because the same simplifying assumptions are made for both these 
methods, but it can be seen from the analysis in section 5.4 that their Merkel numbers differ 
slightly.  
 
Kloppers [2005KL2] shows that the Poppe method predicts higher heat rejection rates (Q) than 
the Merkel method because the Merkel method ignores the loss of water due to evaporation in 
the energy equation (Q = mwcpw(Twi - Two)). According to Grange [1994GR1] the Merkel 
method underestimates the evaporation water loss when compared to the Poppe method, but 
the difference in results decrease with increasing ambient temperatures. 
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The Lewis factor indicates the relative rate of convection heat transfer to evaporation and can 
range from 0.6 to 1.3 [2005KL2]. Higher Lewis numbers mean that more heat is rejected 
through convection by a direct system which leads to higher air outlet temperatures. It can also 
mean that less water is evaporating from the system. The definition of the Lewis factor can 
lead to different predicted outlet conditions, but these differences become unimportant when 
the ambient temperature is above approximately 26 °C [2005KL2]. 
 
5.2 Theoretical methods of analysis 
Although the Merkel method is the main method for determining cooling tower performance, 
the Poppe method is discussed first in this section because of its completeness. The Merkel 
assumptions are then made and the differential equations in the Poppe section are reduced to 
the two Merkel equations. The e-NTU method is discussed and also rain zone pressure drop. 
 
5.2.1 Poppe 
By considering a control volume as shown in figure 5.1 for cross flow, the following 
differential equations for modelling the transfer characteristics can be derived as presented by 
Kloppers [2003KL1], [2004KR1]. This method does not make the simplifying assumptions of 
Merkel. 
 
Figure 5.1 : Control volume for cross flow rain zone section 
 
The temperature change of the water is given by  
 @z{@¹   1
{ I{ I  ]{   
{z{  xI]{  xI  ²   1xI]{  xI  ]{   xY (5.1) 
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Water evaporation rate is given by  @{@¹  I  I  ]{    (5.2) 
 
As the cold air passes over the hot water the enthalpy of the air changes according to the 
following relation 
 @xI@ª   I  SxI]{  xI = ²   1ºxI]{  xI  xY]{   »T (5.3) 
 
Because of the water that evaporates into the air stream the humidity of the air increases and 
the change can be modelled by  
 @@ª   I ]{    (5.4) 
 
The Lewis factor in the differential equations above can be determined from the Bosnjakovic 
[1965BO1] relation expressed as  
 
²  0.865) ¼$]{ =  0.622 = 0.622 &   15+ $]{ =  0.622 = 0.622 & ½ (5.5) 
 
The differential equations for cross flow modelling can be solved by dividing the domain 
under consideration into a grid of cells, as shown in figure 5.2. The differential equations are 
then solved for each cell by employing the Eulerian numerical integration technique. 
 
Figure 5.2 : Solution grid for cross flow model 
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The Merkel number is a dimensionless number that is used to describe the performance of a 
direct contact evaporative cooling system defined by equation (5.6). The Merkel number is 
determined by means of an iterative process where a value for the ratio hdarz/Ga is guessed in 
the above equations and then altered until the predicted outlet water temperature equals the 
measured water outlet temperature. The water side Merkel number at each grid point can then 
be determined from the following relation: 
 
Ax, ¾   ..{,´  (5.6) 
 
The system Merkel number can now be determined by taking the average value of the Merkel 
numbers at every grid point. A sample calculation is provided in Appendix K. 
 
5.2.2 Merkel 
The Merkel method simplifies the Poppe method by assuming that the evaporative loss is 
negligible (dw = 0) and the Lewis factor equals unity. This means that equations (5.1) to (5.4) 
reduce to the following two equations 
 @xI@ª   I xI]{  xI (5.7) 
 @z{@¹    1
{ I{ @xI@ª  (5.8) 
 
The same technique as in the previous section is used for determining the Merkel number 
according to the Merkel method. 
 
5.2.3 e-NTU 
The e-NTU method is normally a method used to determine the performance of heat 
exchangers but can also be used to determine the Merkel performance characteristic of a cross 
flow rain zone. The applicable equations for a cooling tower were developed by Jaber and 
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Webb [1989JA1]. In order to determine the transfer characteristic, the effectiveness of the 
evaporative system must be determined and defined as 
 
_  QQÀÁÂ (5.9) 
 
The cooling water side heat transfer rate can be given by  
 t   w{
{z{  z{u (5.10) 
 
The first step in determining the value of Qmax is to determine the saturated air enthalpies at the 
inlet and outlet water temperatures respectively. This information is used to find the derivative 
of the enthalpy of saturated air with respect to water temperature, (dimasw/dTw). After this ratio 
is determined the solution proceeds in one of two cases. Case 1 is shown by  
 
Case 1: w{ 
{/xI]{/z{     wI (5.11) 
          
The minimum and maximum capacity rate for case 1 is given by  
 X_v  w{
{/xI]{/z{ (5.12) 
      X_I;  wI (5.13) 
 
The evaporative capacity rate ratio can be given by  X_  X_v/X_I;    w{
{/xI]{/z{wI (5.14) 
      
Before finding Qmax a correction factor must be determined as given by  
 Ã   xI]{u = xI]{   2xI]{/4 (5.15) 
 
where imasw is evaluated at the mean water temperature Twm = (Twi + Two)/2. 
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Qmax can now be determined from 
 tI;  X_vxI]{   Ã  xI (5.16) 
 
The effectiveness of the cross flow evaporative cooler with unmixed streams can also be 
expressed in terms of NTUe as given by 
 _  1   ªS}zs_1.ºªX_}zs_   1»/X_T (5.17) 
  
From equations (5.9) and (5.17) the NTUe can be solved iteratively and the Merkel transfer 
characteristic can be obtained from the following relation  
 ..{  }zs_
{xI]{/z{ (5.18) 
  
NTUe can be defined as follows: 
 }zs_  -xI]{ z{⁄  w{
{⁄  (5.19) 
 
where A is the total wetted transfer area. 
 
The second case that must be considered is given by 
 
Case 2: wI  w{
{/xI]{/z{ (5.20) 
 
The evaporative capacity rate ratio can be found by equation (5.21) and similar to case 1 the 
number of thermal units can be found by aid of equation (5.17)  
 X_  wIxI]{/z{/w{
{ (5.21) 
 
The Merkel transfer characteristic for case 2 is given by  
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..{  wI}zs_/w{ (5.22) 
A sample calculation is provided in Appendix J. 
 
5.2.4 Pressure drop 
Smaller drops in a rain zone leads to an increased pressure drop in this region and therefore 
this increase in pressure needs to be quantified. The pressure drop over the cross flow rain 
zone under consideration in section 5.3 can be determined with the Lagrangian model of 
chapter 3 by summating the drag forces on all the drops present in the rain zone at different 
time steps over the fall height of the drops for different air and water flow combinations. For 
this calculation the air side changes are ignored and a monodisperse distribution is assumed. 
The total drag force on the drops is then divided by the inlet area of the rain zone to determine 
the pressure drop. This is given by 
 
∆.  1-.  ¥³³U!,,´

´ÅR
Æ
ÅR ¦ (5.23) 
 
where l indicates the number of time steps and m the number of drops per time step. 
 
5.3 CFD 
A CFD analysis is done for a cross flow rain zone under different air and water flow 
conditions for the drop distributions of table 5.1. Each distribution is modelled as a 
monodisperse as well as a polydisperse distribution. The water and air mass flow combination 
considered in the CFD analysis are the same as shown in table 2.1 except that in this case a 
cross flow arrangement is considered. The models used in the CFD analysis (Fluent) are 
provided in Appendix L. 
 
Initial conditions used as input to the models are: Twi = 323 K, Ta = 298 K , w = 0.01655 kg 
vapour/kg dry air and Patm = 101325 Pa. The rain zone is modelled in 2D with a height and 
length of 2 m and 1.55 m respectively, which are the dimensions of the cross flow rain zone 
test facility at the University of Stellenbosch. 
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Figures 5.3 and 5.4 shows the water side CFD temperature solution obtained for a polydisperse 
(measured) and monodisperse drop distribution and a water flow rate of 2.84 kg/m2s with an 
air flow rate of 2.28 kg/m2s. The air side solution is shown in figures 5.5 and 5.8 for the same 
flow conditions. 
 
 
Figure 5.3 : Water temp. (dist. A - measured)     Figure 5.4 : Water temperature (dist. A-mono) 
 
 
 
Figure 5.5 : Air  humidity (dist. A – measured)     Figure 5.6 : Air humidity (dist. A – mono) 
 
 
 
Figure 5.7 : Air temp. (dist. A – measured)         Figure 5.8 : Air temperature (dist. A – mono) 
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5.4 Results 
The results for the average outlet water temperature as predicted with the CFD model for the 
different flow combinations mentioned in the previous section can be seen in figure 5.9.  
 
(a) Rosin-Rammler polydisperse and Sauter monodisperse 
 
(b) Measured polydisperse and Sauter monodisperse 
Figure 5.9 : Water outlet temperatures as predicted with CFD  
 
By numerically integrating (Euler) the equations of motion and cooling of a single drop 
(chapter 3) and assuming a Lewis factor of unity, the Merkel number for a rain zone with 
constant air properties can be determined. The Merkel number for a monodisperse drop 
distribution of 2.73 mm and 5.19 mm respectively are modelled (chapter 3) in cross flow and 
the results are shown in figures 5.10. 
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Figure 5.10 : Merkel numbers for distribution A and B (Lagrangian method) 
 
The Merkel method incorporates the effects of changing air properties, but makes the 
simplifying assumption that the water evaporation mass is negligible in the calculations, but 
that the air that exits the rain zone is saturated. The Merkel method is the method that is 
generally applied in industry and is recommended in international standards. The results of the 
Merkel method are shown in figure 5.11 and based on the outlet temperatures predicted by the 
CFD analysis. 
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(b) Measured polydisperse and Sauter monodisperse 
Figure 5.11 : Merkel numbers for distributions A and B (Merkel method) 
 
The e-NTU method is based on the same simplifying assumptions than the Merkel method and 
the results are given in figure 5.12 for distributions A and B and are again based on the 
temperatures predicted by the CFD analysis. 
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(b) Measured polydisperse and Sauter monodisperse 
Figure 5.12 : Merkel numbers for distributions A and B (e-NTU method) 
 
A more rigorous method for determining the Merkel number of the rain zone is the Poppe 
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(b) Measured polydisperse and Sauter monodisperse 
Figure 5.13 : Merkel numbers for distributions A and B (Poppe method) 
 
The pressure drop of a rain zone consisting of 2.73 (Distribution A – monodisperse) and 5.19 
mm (Distribution B – monodisperse) monodisperse drop distributions respectively can be seen 
in figures 5.14 and 5.15, as determined with equation (5.23) from the Lagrangian model 
(chapter 3) and with CFD.   
 
Figure 5.14 : Pressure drop (Dist. A – mono)       Figure 5.15 : Pressure drop (Dist. B – mono) 
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shows a pressure drop comparison between the monodisperse distribution and the exact 
measured polydisperse distribution.  
  
 
Figure 5.16 : Pressure drop (Distribution A)          Figure 5.17 : Pressure drop (Distribution B) 
 
 
Figure 5.18 : Pressure drop (Distribution A)          Figure 5.19 : Pressure drop (Distribution B) 
 
The loss coefficients based on a uniform inlet velocity to the rain zone are shown in figures 
5.20 and 5.21. In both figures the results for the Rosin-Rammler polydisperse distribution are 
compared to the results for the monodisperse distribution. 
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Figure 5.20 : Loss coefficients (Dist. A)               Figure 5.21 : Loss coefficients (Dist. B) 
 
5.5 Discussion and recommendations 
It can be seen from the previous section that the Merkel numbers obtained with each model 
compare relatively well for the different models except that the Poppe predict Merkel numbers 
that is about 9 % higher than that of the Merkel and e-NTU method. 
 
Figure 5.22 shows the Merkel number ratio between polydisperse distributions A and B, as 
determined with the Rosin Rammler function and also between monodisperse distributions A 
and B.  
 
Figure 5.22: Rain zone Merkel ratio between monodisperse and polydisperse distributions A 
and B (Gw = 2.84 kg/m2s)  
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the Lagrangian model also predicting ratios of around 3. The estimated increase in the total 
Merkel number of a cooling tower estimated with different methods based on monodisperse 
and Rosin Rammler polydisperse distributions A and B can be seen in figure 5.23. 
 
Figure 5.23 : Scaled increase in total Merkel number between distributions A and B in the rain 
zone, Gw = 2.84kg/m2s, Ga 2.28 kg/m2s 
 
If it is assumed that the rain zone contributes 20 % to the total tower Merkel number, the 
scaled increase in total tower Merkel number can be defined by 
 
"5 zm A5 x+Ç %   20% [A.vA.u   1\ (5.24) 
 
Figure 5.24 shows the ratio between the rain zone pressure drops of distribution A and B based 
on monodisperse and polydisperse distributions.  
 
Figure 5.24 : Rain zone pressure drop ratio between distributions A and B (Gw = 2.84 kg/m2s) 
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By assuming that the rain zone contributes a certain percentage of the total pressure drop of 
the cooling tower, the increase in total pressure drop can be determined in a similar manner to 
the total Merkel number increase of figure 5.23. The result for this can be seen in figure 5.25. 
 
 
Figure 5.25 : Scaled increase in total tower pressure drop between distributions A and B, Gw = 
2.84kg/m2s, Ga = 2.28 kg/m2s 
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6 
CONCLUSION  
 
6.1 Conclusions 
Kröger [2004KR1] reports that the rain zone of a counter flow wet cooling tower is 
responsible for 10-20 % of the total heat rejected by the tower. This means that an 
improvement in this region could lead to a considerable improvement in the overall 
performance. The performance of the rain zone can be improved by decreasing the average 
drop size in this region, because smaller drops fall slower and result in a larger interfacial area 
between the hot water and cooling air (chapter 3). The average drop size can be reduced by 
installing splash grids in the rain zone which, according Kröger [2004KR1], can reduce the 
Sauter mean diameter to between 3 and 4 mm. 
 
The initial drop distribution in the rain zone depends on the type of fill that is used in the 
cooling tower above the rain zone. The drop distributions immediately below three types of 
cooling tower fill are measured in a counter flow test facility (film fill, trickle fill and fibre 
cement fill (chapter 2)).  The Sauter mean diameters under the trickle and film fill for different 
air and water flow combinations vary between 5 and 6 mm with the trickle fill generally giving 
the smallest drops, which is also stated by Kröger [2004KR1].  The fibre cement fill produced 
the largest Sauter mean diameter with a maximum measured Sauter mean of 5.977 mm.  For 
all three fills tested it can be said that an increased water flow rate leads to slightly larger 
Sauter mean diameters. 
 
The average drop size in the rain zone produced by film and trickle fills can be decreased by 
inserting grids below these fills to break the larger drops up into a larger number of smaller 
drops. The drop sizes below a designed slat grid and an expanded metal grid are measured, 
with the designed grid producing the best drop break-up. Sauter mean diameters of 2.84 mm 
for a single layer and 2.73 mm for a double layer inserted at 0.6 m and 0.8 m respectively 
below a trickle fill (chapter 2). A Sauter mean diameter of 2.47 mm is measured when a grid is 
spaced 0.8 m below the fill and the spacing between the two grids is also 0.8 m. A Sauter 
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mean diameter of 3.15 mm and 3.1 mm are measured below one and two layers of expanded 
metal grid placed 0.6 m and 0.4 m below the trickle fill.  
 
From the modelling of the slat grid (chapter 4) it can be seen that the drop break-up through 
the grid is a function of slat width, slat spacing and distance between the grid and the fill, with 
the latter together with slat width having the biggest influence on the results. From the 
modelling and the measured results it can be concluded that the optimum spacing between the 
grid and the fill is between 0.6 m and 0.8 m. If the spacing is increased further the Sauter mean 
below the grid either stays constant or starts to increase again. This phenomenon was also 
observed by Oosthuizen [1995OO1] for a double layer of coarse expanded metal grid, where 
the smallest Sauter mean (4.05 mm) below the grids were measured at a fill-grid spacing of 
0.67 m. From the modelling results (chapter 4) it is also concluded that the best slat width is 3 
mm. For the chosen slat spacing of 10 mm the porosity of the grid is 77 % and Dreyer 
[1994DR1] concludes that the optimal porosity of a grid must be around 80 %. 
 
It is interesting to see that when three layers of the designed slat grid are inserted into the rain 
zone the Sauter mean diameter is larger than with one layer. A reason for this could be the fact 
that the dripping from below the slats becomes more dominant because of the increased 
number of slats. The size of the primary drops dripping from below 3 mm slats is measured to 
be 6.88 mm in diameter while it is predicted to be 6.35 mm (chapter 4).  Dreyer measured a 
primary drop size below a 3 mm slat of 6 mm in diameter. By changing the profile of the 
bottom of the slat the size of the primary drop is reduced to 4.01 mm (table 4.2). 
 
A considerable improvement in rain zone heat and mass transfer is obtained by decreasing the 
Sauter mean drop size from 5.19 (distribution B) mm to 2.73 mm (distribution A) as is 
possible with two layers of the designed slat grid for a water mass velocity of 2.84 kg/m2s and 
no counter flowing air. Smaller drops also cause the pressure drop in the rain zone to increase. 
From the CFD results it can be seen that the Merkel number improves by around 162 %, but 
that the pressure drop increased by 73 %.  Assuming that the rain zone Merkel number is 10 – 
20 % of the total Merkel number, a 162% increase in rain zone Merkel number results in a 33-
66% increase in total Merkel number. 
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A 
THERMOPHYSICAL PROPERTIES 
 
The properties listed in this appendix are as they appear in D.G Kröger’s book, “Air Cooled 
Heat Exchangers and Cooling Towers”. 
 
A.1 Thermophysical properties of dry air from 220K to 380K at Standard Atmospheric  
      Pressure (101325 Pa) 
 
Density: 	I  I/287.08z, kg/m3  (A.1) 
 
Specific Heat: 
I  1.045356 · 10)   3.161783 · 10#Rz = 7.083814 · 10#z             –  2.705209 · 10#dz), J/kgK  (A.2) 
 
Dynamic Viscosity: I   2.287973 · 10#c =  6.259793 · 10#nz  3.131956 · 10#RRz            = 8.15038 · 10#R3z), kg/ms  (A.3) 
 
Thermal Conductivity: I  4.937787 · 10# =  1.018087 · 10#z  4.627937 · 10#nz              = 1.250603 · 10#RRz), W/mK (A.4) 
 
A.2 Thermophysical properties of saturated water vapour from 273.15K to 380K 
 
Vapour Pressure: Y  10, Pa  (A.5) 
¹  10.79586 h1  273.16z j =  5.028085mR1 h273.16z j  
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       =1.50474 · 10# [1  10#n.fcfÊ$ kd).Rc&# RË\ 
       = 4.2873 · 10#S10.dcf33R#d).Rc/k   1T =  2.786118312 
 
Specific Heat: 
Y  1.3605 · 10) =  2.31334z  2.46784 · 10#R1z3            = 5.91332 · 10#R)zc, J/kgK  (A.6) 
 
Dynamic Viscosity: Y  2.562435 · 10#c =  1.816683 · 10#nz 2.579066 · 10#RRz            1.067299 · 10#Rz), kg/ms  (A.7) 
 
Thermal Conductivity: Y  1.3046 · 10#   3.756191 · 10#3z = 2.217964 · 10#dz        1.111562 · 10#R1z) , W/mK  (A.8) 
 
Vapour Density: 	Y  4.062326056 = 0.10277044z  9.76300388 · 10#z              = 4.475240795 · 10#cz)   1.004596894 · 10#nz              = 8.9154895 · 10#Rz3 , kg/m3    (A.9) 
 
A.3 Thermophysical Properties of Mixtures of Air and Vapour  
Density: 	IY  1 = 1  / = 0.62198Ii]/287.08z , kg air-vapour/m3 (A.10) 
 
Specific Heat: 
IY  
I =  
Y/1 =  , J/K kg air-vapour  (A.11) 
 
Dynamic Viscosity: IY  ÌIIAI1.3 = ÌYYAY1.3 /ÌIAI1.3 = ÌYAY1.3 , kg/ms (A.12) 
where 
Ma = 28.97 kg/mole, Mv = 18.016 kg/mole, Xa = 1/(1 + 1.608w) and  
Xv = w/(w + 0.622) 
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Thermal Conductivity: IY  ÌIIAI1.)) = ÌYYAY1.))/ÌIAI1.)) = ÌIAI1.)) , W/mK (A.13) 
 
Humidity Ratio: 
  C 2501.6  2.3263z{i   273.152501.6 = 1.8577z  273.15   4.184z{i   273.15D 
           h 0.62509Y{iIi]   1.005Y{ij 
           C 1.00416z  z{i2501.6 = 1.8577z  273.15   4.184z{i   273.15D , kg/ kg dry air 
 
(A.14) 
 
Enthalpy: xIY  S
Iz  273.15 =  Ñxy{u = 
Yz  273.15ÒT/1 = ,  
           J/kg air-vapour 
 (A.15a) 
 
Or the enthalpy of the air-vapour mixture per unit mass of dry air 
 xI  
Iz  273.15 =  Sxy{u = 
Yz  273.15T , J/kg dry air (A.15b) 
 
where the specific heats are evaluated at (T + 273.15)/2 and the latent heat ifgwo, is evaluated at 
273.15 K according to equation (A.20) i.e. ifgwo = 2.5016 x 106 J/kg 
 
A.4 Thermophysical Properties of Saturated Water Liquid from 273.15K to 380K 
Density: 	{  1.49343 · 10#)   3.7164 · 10#cz = 7.09782 · 10#fz   1.90321 ·                  10−20z6−1, kg/m3 (A.16) 
 
Specific Heat: 
{  8.15599 · 10)   2.80627 · 10z = 5.11283 · 10#z              2.17582 · 10#R)zc , J/kgK (A.17) 
 
Dynamic Viscosity: {  2.414 · 10#3  ·  10d.n/k#R1, kg/ms (A.18) 
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Thermal Conductivity: {  6.14255 · 10#R =  6.9962 · 10#)z  1.01075 · 10#3z             = 4.74737 · 10#Rz , W/mK (A.19) 
 
Latent heat of vapourization: xy{  3.4831814 · 10c   5.8627703 · 10)z = 12.139568z                1.40290431 · 10#z) , J/kg (A.20) 
 
Critical Pressure: {  22.09 · 10c , Pa (A.21) 
 
Surface Tension: {  5.148103 · 10# =  3.998714 · 10#z  1.4721869 · 10#cz             = 1.21405335 · 10#fz) , N/m (A.22) 
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B 
DEVELOPMENT OF DROP SIZE MEASUREMENT EQUIPMENT AND 
SOFTWARE 
 
B.1 Introduction 
In order to do the drop size measurements required for this project a measurement technique is 
developed to meet specific requirements. A digital camera (Nikon D70S) is placed inside a 
specially designed housing that is inserted through the rain zone wall of the indoor counter 
flow test facility described in chapter 2. Images are taken of the drops in the rain zone and a 
specially developed software program is used to determine the diameter of each drop and also 
the drop distribution. 
 
In this appendix the requirements and the design of the different components of the 
measurement system are discussed. 
 
B.2 Equipment design criteria  
B.2.1 Camera housing 
• The housing must not cause air flow disturbance in the region that is photographed. 
• The housing must not cause any water flow interference in the region that is 
photographed. 
• There must be no surfaces on the housing from where drops can splash or drip into the 
photo region. 
• The housing must have a photographic background so that only a certain control volume 
is photographed. 
• Backlighting must be possible for the camera. 
• No drops must form on the background. 
• The housing must contain a bracket on which the camera can be fastened. 
• The camera housing must keep the camera dry. 
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• There must be no windows between the camera and the image zone that is photographed 
on which drops can accumulate. 
B.2.2 Drop images 
• Drop images must have the highest resolution capable with the camera (6 megapixels). 
• The images must have low noise levels that show up as speckles because they can make 
image processing difficult. 
• The drop edges must be well defined in the image. 
• Drops must be captured in such a way that there is no blurring due to the motion of the 
drops. 
 
B.2.3 Software program 
• The software program must be able to isolate the drops in an image. 
• It must be possible to set parameters in the program to analyse different types of images. 
• The drops must be numbered and their sizes determined. 
• The software program must be able to export the output data to Excel. 
• The time to process an image must be as short as possible (2-3 minutes). 
• The program must display results in a visual manner so that it can be checked by the 
user. 
 
B.3 Description of photographic equipment 
B.3.1 Camera housing 
The camera housing protrudes through the side wall of the test facility rain zone extending into 
the middle of the rain zone (500 mm from the wall). Figure B.1 shows a detailed layout of the 
camera housing and a photograph of the housing can be seen in figure 2.8. This setup in the 
test section can be seen in figure 2.7. It was decided that it must be possible to measure drop 
sizes in the middle of the rain zone but that the camera itself must not be in the rain zone. The 
length from the camera to the middle of the control volume that is photographed is therefore 
500 mm.  
 
The camera housing consists out of a 250 mm round PVC pipe, a sandblasted glass 
background, flow distortion shield and a drip guard. A pipe diameter of 250 mm is necessary 
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since at 450 mm, the camera takes a 124 x 186 mm photo, which must not be impeded by the 
pipe. The flow distortion shield minimizes flow disturbances, because of the pipe housing, in 
the photographic region. A dripping guard keeps the water, running down the flow distortion 
shield, from entering the region that is photographed.  A 300 mm x 300 mm glass plate, 
sandblasted on both sides, serves as a photographic background. It is placed at a distance of 
550 mm from the camera, which leaves a 100 mm gap between the background and housing 
for the drops to be photographed to pass through. The sandblasted glass plate is attached to a 
sheet metal frame, held in place by four rods attached to the flow distortion shield. The 
sandblasted surface provides better wetting properties causing water to form a film as opposed 
to drops.  Drop formation on the background is undesirable because these drops show up in the 
photographic images which are then included in the drop distribution measurement, leading to 
inaccuracies. 
 
Figure B.1 : Schematic of the layout of the camera housing 
 
Inside the pipe is a bracket onto which the camera can be fastened. The placement of the 
camera is done in such a way that the camera lens is on the centreline of the pipe. 
 
B.3.2 Camera  
Images with no blurring against strong backlighting are achieved with a Nikon D70S digital 
SLR camera with a shutter speed of 1/8000s. 
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B.3.3 Software program 
An algorithm is developed, based on existing image processing techniques and implemented to 
extract drop data from photographic images. All the image processing operations implemented 
in this algorithm are done in the spatial domain.  
 
After the image is read into the program, a high pass filter is applied to the image according to 
a matrix size that is provided by the user. This filter removes low frequency areas and retains 
the high frequency areas. A high frequency area is a region where the rate of colour change 
from one pixel to the next is high. The sharp edges around each drop on an image are high 
frequency regions and the high pass filter helps with isolating the edge regions so that they are 
more easily detectable. The larger the matrix size provided by the user the sharper the resultant 
image will be but the longer the processing time will be. 
 
After the image sharpening operation an averaging filter is applied to the image. This 
operation makes the image more blurry, but makes individual noise pixels less prominent. The 
matrix size for this operation must therefore preferably be smaller than that of the sharpening 
operation so that the result at this point is still a sharper image. 
 
The image is now ready for edge detection which is done by applying the Sobel operator to the 
image. A Sobel [2002GO1] operator determines the colour gradient at each pixel in a specific 
direction. This means that this operation must be done in the horizontal and vertical directions. 
When the results for both directions are obtained the absolute values of each pixel in both 
results are obtained. A threshold operation is then applied to both the absolute matrices in 
order to get rid of all the small gradients and is done according to a threshold value that is 
given relative to the largest gradient in both matrices. In other words if the user provides a 
threshold value of 0.01 it means that all gradients smaller than 1 % of the largest gradient in 
the matrix will be filtered out. The two matrices are combined by adding them together and a 
threshold operation is applied for the last time where all the pixels with a value larger than 
zero are given a value of 1. This is done to create a binary image where all the white pixels 
represent drop edges. At this point a closing operation is applied to the images. This operation 
basically does four things: (1) It smoothes the detected edges; (2) It fuses long thin gulfs and 
narrow breaks in the detected bodies; (3) Eliminates small holes in the edges; (4) Fills gaps in 
edges [2002GO1].  After this all the bodies that touch the side of the image are discarded. 
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An optional closing operation can be applied for the second time to the image to make sure the 
drop edges are connected.  
 
Another option is a dilation/erosion operation. First a certain amount of the bodies are eroded 
after which they are dilated by the same amount.  This approach may be used to disconnect 
bodies that must not be connected for example two drops that are close to each other. 
 
Now that the drop edges are detected the areas between the edges are filled in order to 
represent a drop as a single white blob. 
 
An optional erosion operation can be applied if the user sees that the drops in the blob images 
are larger than the original drops. An erosion value of 3 normally gives excellent results. 
 
After the image processing operations the drops are counted and their sizes in pixels 
determined. Figure B.2 shows a flow chart of the image processing algorithm. 
 
 
Figure B.2 : Image processing algorithm  
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C 
DROP SIZE REDUCTION GRID DESIGN 
 
This chapter refers to the drop size reduction grid used in chapter 2 and can be seen in figures 
2.3 and 2.4 
 
C.1 Design criteria 
• Pressure drop must be kept at a minimum. 
• Narrow, horizontally placed slats must be used for the grid. 
• The slats must be supported so that they do not vibrate when subjected to water and air 
flow. 
• It must be possible to connect more multiple grids together. 
• The grid must have a porosity of around 80 % as recommended by Dreyer [1994DR1]. 
 
C.2 Description of the reduction grid design 
The grid is designed for a distribution of which the largest drops are not more than 10 mm in 
diameter.  
 
The spacing between the slats is chosen to be 10 mm because the effective break area of a slat 
that is impacted by a 10 mm drop is the sum of the slat width and the drop diameter times the 
slat length of the slat as shown by equation (4.23). 
 
The width of the slat is found by modelling the change in Sauter mean diameter with changing 
slat width as shown in figure 4.12. From this figure it can be seen that the change in Sauter 
mean diameter between 3 mm to 5 mm decreases with 0.28 mm compared to the 1.27 mm 
reduction in Sauter mean between 0.5 and 3 mm. The loss coefficient on the other hand 
doubles from 3 mm to 5 mm. With this information in mind a slat width of 3 mm is chosen. 
The loss coefficient for sharp edged grids was correlated by Dreyer [1994DR1] from the data 
of Baines and Peterson [1951BA1] and Miller [1990MI1] and is given by 
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¬∆
,y.  0.78 Ch1Ój   1DR.3 (C.1) 
 
Figure C.1 shows the loss coefficient for different slat widths with constant spacing of 10 mm 
between the slats. 
 
 
Figure C.1 : Loss coefficients for different slat widths with S = 10 mm 
 
The porosity of the designed grid with 3 mm slats and 10 mm spacing between the slats is 77 
%.  
 
The slat height is chosen to be 1.2 times the maximum drop diameter to ensure no re-
coalescing of drops below the slat. 
 
In order to keep the slats from vibrating under different air and water flow conditions the slats 
are supported at four equally spaced locations along their lengths.  
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D 
EXPERIMENTAL APPARATUS FOR DRIPPING EXPERIMENTS 
 
The experimental apparatus used to investigate the dripping below different slats can be seen 
in figure D.1. In order to test the slat effectively, it is decided to make use of a V-shaped 
reservoir that overflows onto the slat that is being tested. 
 
Water is fed to the V-shaped reservoir from a wall tap that is calibrated to give the desired 
water flow rate. The calibration is done by measuring the time it takes for the water to fill a 
500 ml bottle. The setting is then marked out on the tap.  
 
As the water overflows the edges of the reservoir it starts dripping below the slat and the 
images are captured with a Nikon D70S Digital SLR camera.  
 
 
Figure D.1 : Apparatus for dripping experiments on slats 
 
An even distribution of water onto the slat is achieved by a rounded reservoir edge and a 
sandblasted outer surface.   
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E 
CALIBRATION DATA 
 
E.1 Water flow pressure transducer calibration 
A FOXBORO pressure transducer, model number: 843 DP-H2I and reference number: 536 
3210 EW, is used to measure the pressure difference over the venturi flow meter used to 
measure the water flow rate. The pressure range of the transducer is 0 – 75 kPa. The pressure 
transducer was calibrated by Viljoen [2006VI1] using a mercury manometer and the 
calibration curve is given by 
 {  15.996Z{
   16.006 ,  (E.1) 
 
The calibration curve for the pressure transducer is given in figure E.1 
 
Figure E.1 : Calibration curve for FOXBORO pressure transducer 
 
E.2 Water flow venturi calibration  
The venturi flow meter used for the water flow measurement in the cooling tower test facility 
is also calibrated. This is done by measuring the volume of water that passes through the 
venturi for a specific pressure drop. The water is collected in a 500 litre tank and for each point 
the time is taken in which the water risen between two level markers. Three time 
measurements are taken for every flow rate and the average of the three measurements is used 
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to calculate the flow rate for each pressure difference. The pressure difference over the venturi 
is measured with the FOXBORO pressure transducer described in the previous section. 
 
The theoretical flow rates for the venturi flow meter at each differential pressure measurement 
are also calculated.  The Bernoulli equation is applied to determine the theoretical flow rate for 
a specific pressure difference which does not take the vena contracta and boundary layer 
effects into account. For a vertically placed venturi meter the flow rate from the energy 
equation is given by 
 
Z   Ô2 R  Õ = ¹R  ¹-#  -R# Ö
R
 
(E.2) 
 
In equation (E.2) position 1 is located in the pipe section of the venturi and position 2 is 
located in the throat section. 
 
The pressure drop between the two points in the venturi can be calculated by  
 R    ∆_I]×._  	{¹R  ¹       (E.3) 
 
By substituting equation (E.3) into equation (E.2), a formula for volumetric flow rate in terms 
of the measured pressure drop over the venturi can be obtained.  
 
Z   Ø2 $∆_I]×._Õ &-#  -R# Ù
R
 
(E.4) 
 
 
The above relation is not completely correct, because the boundary layer and vena contracta 
effects cause higher velocities in the throat therefore leading larger differential pressure 
measurements for a given flow rate. White [1999WH1] introduces a discharge coefficient to 
the Bernoulli equation and expresses the flow rate in terms of pressure drop through the 
venturi as given by equation (E.5).  In this equation ∆pmeasured is equal to the measured pressure 
difference over the venturi. 
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Z  X- Ú2 $∆_I]×._	{ &1  Ó Û
R
 
(E.5) 
 
In equation (E.5), Cd is the discharge coefficient of the venturi and At is the cross sectional 
area of the throat of the venturi.  The discharge coefficient can be calculated according to a 
correlation by White that is given by 
 X  0.9858  0.196Ó.3         (E.6) 
 
where β = D2/D1 
 
The previous two flow models together with the measured flow rates for the venturi can be 
seen in figure E.2. 
 
Figure E.2 : Venturi calibration curve 
 
 
Equation (E.7) correlates the measurement data for the volumetric flow rate through the 
venturi as a function of differential pressure. 
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Z   1.340645542230 · 10#d∆{c =  3.829686684565 · 10#∆{3           4.236562254726 · 10#Rd∆{ = 2.291537386143 · 10#R∆{)        6.377928992492 · 10#n∆{   =  1.059557389791 · 10#)∆{= 5.985310316555 · 10# , 5/Ç                                                                  

 
(E.7) 
 
Figure E.3 shows the accuracy of the different methods for predicting the volumetric flow rate 
through the venturi flow meter. 
 
 
Figure E.3: Errors in flow rate prediction relative to measured flow rate    
   
E.3 Air flow venturi calibration  
The air flow measurement in the indoor cooling tower test facility is done by measuring the 
pressure drop over the flow nozzle that is situated below the fan as shown in figure 2.1. 
Viljoen [2006VI1] calibrated the venturi air flow meter and obtained an expression which 
gives the air velocity at the throat of the venturi in terms of the differential pressure measured 
over the venturi when air passes through. This is given by equation (E.8).  
 
Y  v [2 · ∆	IÜ \1.3 (E.8) 
 
In equation (E.8), κ is the area ratio of the venturi throat to the plenum chamber and can be 
expressed as shown in equation (E.9). The venturi has a throat diameter of 0.455 m. The 
constant cn is a calibration correction factor and is equal to 0.96. 
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Ü  1  -Y-
Æ

 
(E.9) 
 
Equations (E.8) and (E.9) can now be used to calculate the volumetric air flow rate through the 
tower as well as the mass flow rate.  This is illustrated in equations (E.10) and (E.11) which 
give the volumetric flow rate and mass flow rate of the air through the venturi. 
 t   -Y · Y (E.10) 
 wI  	I-YY (E.11) 
 
If air density is taken to be 1.23 kg/m3, the mass flow through the venturi against pressure drop 
over the venturi is shown in figure E.4. The pressure drop over the venturi is measured with a 
Betz water manometer during testing. 
 
 
Figure E.4 : Mass flow through air flow venturi for an air density of 1.23 kg/m3 
 
E.4 Calibration of drop size measurement system 
 
Figure E.5 shows the setup for the camera calibration. 
 
The camera lens is 450 mm away from the closest drops that pass in front of the lens and 550 
mm from the furthest drops.  
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Since drops of a given diameter appear larger on an image when they are closer to the camera 
lens than further away, this needs to be calibrated.  The calibration is done by photographing a 
grid of 10 mm x 10 mm blocks, with a ruler placed on one of the horizontal lines of the grid to 
determine the length of the horizontal distance photographed. The distortion of the camera can 
be checked in this way and the horizontal distances photographed at 450 mm and 550 mm can 
be read from the photograph and corresponds to186 mm and 224 mm respectively. The 
photograph consist out of 3008 x 2000 pixels and the length calibration value of a single pixel 
at 450 mm and 550 mm is calculated and are 0.0618 mm/pixel and 0.0745 mm/pixel 
respectively. The average value between these two values are used as the calibration value in 
the drop size measurements being, 0.0682 mm/pixel and when this value is squared it gives the 
area represented by each pixel being, 0.0046 mm/pixel. 
 
 
Figure E.5 : Setup for the calibration of the Nikon D70S camera 
 
In order to gain a better understanding of the possible error when using the average calibration 
a photograph is analysed with all three of the above calibration values to evaluate the variation 
in the results. Figure E.6 shows the cumulative mass distribution directly under a trickle fill for 
a water flow of 2.84 kg/m2s with no air flow and the three different calibration values. 
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Figure E.6 : Cumulative mass distribution results for different calibration values, Gw = 2.84 
kg/m2s 
 
The Sauter mean diameters for the three cases of figure E.6 are 4.73 mm, 5.19 mm and 5.71 
mm respectively.  
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F 
USER MANUAL AND INSTRUCTIONS 
 
In this appendix the usage of the software program that is developed to analyse the drop 
images captured in the cooling tower test section is illustrated. 
 
F.1 Opening screen of the software program 
When the program is opened the main window appears from which all the operations can be 
launched. The image files are loaded from the “File Exchange” group and the image 
processing parameters set in the “Filter Parameters” group. The results of the image processing 
and drop counting operations can be viewed from the “Visualization” group. The main 
window is shown in figure F.1. 
 
 
Figure F.1 : Opening screen 
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F.2 Load an image into the program 
An image can be loaded into the program by clicking on the “Open File” button in the “File 
Exchange” group. A menu will appear from where the file selection can be done. This can be 
seen in figure F.2. 
 
 
 Figure F.2 : Load an image into the program 
 
F.3 Setting the image processing parameters 
The image processing parameters can be adjusted in the “Filter Parameters” group. The first 
image processing step is the implementation of a high pass filter in the spatial domain.  The 
size of the spatial domain filter can be adjusted in the “Sharpening Mask” tab. A mask size of 
5 is suggested here, which means that a spatial domain mask size of 5 x 5 pixels will be used 
to filter out low frequency components in an image. High frequency areas are associated with 
fast changing colour and correspond to the drop edges. An increasing mask size means that an 
increasing amount of slow colours is filtered out until only the sharp edges are left in the 
image, but it also means that computation time increases. 
 
When the high pass filtering is done an averaging operation is performed on the image to even 
out undesired spots that might be present and could be picked up as an edge. A mask size of 3 
is suggested for this operation and is set in the “Averaging Mask Size” tab. This means that a 
spatial domain filter size of 3 x 3 pixels will be applied to the image. The effect of making the 
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mask size larger is that the image becomes more blurred. The averaging mask size must 
always be smaller than the sharpening mask size to ensure that result is sharper than the 
original image.  
 
After the preparation operations the drop edges must be detected and this is done by applying a 
Sobel edge detection filter to the image. The Sobel edge detection filter is applied in the 
vertical and horizontal direction after which the absolute values at each pixel are determined 
for both results. The maximum value in each of these images is determined and binary images 
are created according to the X- and Y-sensitivity values for both images. A value of 0.011 is 
suggested for both the sensitivity parameters, which means that all the gradients larger than 
1.1% of the largest gradient found, will be kept and all the others filtered out.  This means that 
the smaller the sensitivity values are chosen the more sensitive the results are to colour 
changes. 
 
After the edges in the vertical and horizontal directions are detected, the two results are 
combined to give a single image where only the edges of the drops are present. 
 
It can sometimes happen that a drop edge is disconnected at some places. If this is detected in 
the result image after the image processing is completed, the problem may be overcome by 
making use of dilation and erosion operations. By putting values in the “Dilation/Erosion” tab 
the user can make use of this type of operation to connect the discontinuities in drop edges. 
According to the user values a number of pixels are added around the edges of every body in 
the binary image which causes the bodies that lay close to each other to become connected. 
The edges of these connected bodies are then eroded by the same amount and the places of 
discontinuity are filled. The larger the dilation/erosion values are chosen the more connected 
the bodies in the results will become. A starting value of 1 is suggested for this operation and 
can be increased until the user is satisfied with the results. 
 
Another way of connecting disconnected bodies is by using a closing operation. This operation 
fuses narrow breaks and eliminates small holes in the drop edges. This can be used as an 
alternative to dilation and erosion. Larger values will give smooth drop edges but can cause 
too many connected bodies in the result. A starting value of 1 is suggested for this operation 
and the number can again be increased until the user is satisfied with the results.  
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When the image processing operations are completed the drops in the image may look bigger 
than in the original image. This problem can be overcome by eroding the edges of the drops 
until they are the right sizes. It is up to the user to inspect the results to see if the drop 
detection is accurate and by increasing the number in the “Final Erosion” tab the desired 
accuracy can be achieved. A value of 3 gives excellent results.  
 
The user can also specify a minimum body size in pixels that must be present in the end 
results.  This is handy when noise pixels are present in the results and must be ignored. 
 
The “Dilation”, “Closing” and “Final Erosion” operations are ignored when a value of zero are 
provided in these tabs. 
 
The location where the image processing parameters are set can be seen in figure F.3. 
 
 
Figure F.3 : Setting the filter parameter values 
 
F.4 Run the program 
When an image is loaded into the program and all the necessary filter parameters are provided 
the program will allow the user to run the program. This can be done by clicking on the “Run” 
button in the “File Execution” group and is illustrated in figure F.4. 
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Figure F. 4 : Run the program 
 
F.5 View the results 
When the image processing operations are completed and the drops are counted, the results 
can be viewed by clicking on the different buttons in the “Visualization” program group. The 
original image can be viewed here and also the results image that show the detected drops as 
white blobs on a black background. In the data image, the drops of the results image are 
numbered and their locations as well as their sizes in pixels can be compared with the values in 
the table.  
 
The visualization of the results is illustrated in figure F.5. 
 
 
Figure F.5 : Visualization of results 
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F.6 Export data to Excel 
When the user is satisfied with the results, the data can be exported to Microsoft Excel. This 
can be done by clicking on the “Excel Export” button in the File Exchange program group. 
 
By doing this the data will be put into a spreadsheet from where the program can open Excel 
and do the necessary copying if the Excel button is clicked.  This is illustrated in figure F.6. 
 
 
Figure F.6 : Export to Excel 
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G 
MEASURED DATA 
 
                 Table G.1 : Cumulative mass distributions right below film fill.  
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Table G.2 : Cumulative mass distributions right below trickle fill. 
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Table G.3 : Cumulative mass distributions right below fibre cement fill 
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Table G.4 : Cumulative mass distribution immediately below designed slat grid 
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Table G.5 : Cumulative mass distribution immediately below expanded metal grid 
 
 
 
 
     Table G.6 : Cumulative mass distribution immediately below trickle fill with no air  
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Table G.7 : Cumulative mass distribution for test facility sprayers, Gw = 2.84 kg/m2s, No air 
 
 
 
      Table G.8 : Cumulative mass distribution for 0.8m grid spacing test with and without air 
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H 
SINGLE DROP SAMPLE CALCULATION 
 
This Appendix provides the first iteration for the thermal and dynamic solution of a single 
drop falling in still air.  
 
The initial conditions are given in table H.1. Although it is normally assumed that the initial 
drop velocity of a drop entering the rain zone is zero, it is chosen to be 0.5 m/s for the purpose 
this calculation in order to prevent division by zero errors in the drag coefficient calculation. 
 
   Table H.1 : Initial conditions for single drop sample calculation 
Variable Initial value 
Ta [K] 298 
Tawb [K] 295 
patm [Pa] 101325 
vdy0 [m/s] 0.5 
∆t 0.0001 
d0 [mm] 6 
Tw0 [K] 323 
 
H.1 Physical properties of the air at film temperature 
H.1.1 Humidity ratio calculation at ambient condition    0.01645 kg/kg dry air (A.14) 
H.1.2 Air-vapour density calculation at Tf = (Ta + Tw0)/2 	IY,kÝ   1.12565kg air-vapour/m3 (A.10) 
H.1.3 Viscosity calculation for air-vapour mixture at Tf = (Ta + Tw0)/2 IY,kÝ   1.82051   10#3 kg/ms  (A.12) 
 
H.1.4 Thermal conductivity for air-vapour mixture at Tf = (Ta + Tw0)/2 
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IY,kÝ  0.02593   W/mK (A.13) 
 
H.1.5 Specific heat for air-vapour mixture at Tf = (Ta + Tw0)/2 
IY,kÝ   1021.76541 J/K kg air-vapour  (A.11) 
H.1.6 Prandtl number for air-vapour mixture at Tf = (Ta + Tw0)/2 IY  IY 
IYIY       0.71735 
 
(H.1) 
H.2 Physical properties of water at Tw0 
H.2.1 Density of the water drop 	{z{1   988.21170  kg/m3 (A.16) 
H.2.2 Specific heat of the water drop  
{z{1  4178.82202   J/kgK (A.17) 
H.2.3 Latent heat of vaporization xy{  2383 261.14283   J/kg (A.20) 
 
H.3 Heat transfer calculations 
H.3.1 Reynolds number  
  	IY>1 h 11000jIY  (H.2)            185.49399 
H.3.2 Nusselt number  
}~  2 = 0.6RIYR)     9.31519 (3.19) 
H.3.3 Convection heat transfer coefficient 
From equation (3.22)   IY }~/ $ ÞR111&      40.25843  W/m2K (H.3) -]   4/1 2000⁄       1.13100  10# m2 (H.4) QuvY  -]z{1  zÁ      0.11383 W 
 
(3.18) 
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H.4 Mass and enthalpy transfer calculations 
H.4.1 Diffusion coefficient   TÁ, PÁáÀ  2.12559   10#3  m2/s (3.29) 
H.4.2 Sherwood number  "   IY/	IY  (H.5)         0.76087 
"  2 = 0.6R"R)       9.46025 (3.26) 
H.4.3 Mass transfer coefficient 
From equation (3.28)   "  $ ÞR111&       0.03351  kg/m2sK (H.6) 
H.4.4 Saturated vapour density at drop surface 	Y]z{1    0.08243 kg/m3 (A.9) 
H.4.5 Vapour density of the cooling air 
Y  I0.622 =  (H.7)           2610.14728  Pa 	Y  Y YzI⁄       0.01898  kg/m3 
Rv = 461.52 J/kgK 
H.4.6 Mass transfer rate w_   !-	Y]  	Y|       2.40507  10#d  kg/s (3.25) 
 
H.5 Forces acting on moving drops 
H.5.1 Drag force 
X!.]
^_._  24 1 = 0.173!1.c3d! = 0.4131 = 16300!#R.1f (3.7)                    0.82895 
-   / $ Þ111&    2.82743  10#3 m2 
  
(H.8) 
U!  0.5X!,]
^_._	IY>1-    3.29787   10#c  N (H.9) 
H.5.2 Buoyancy force 
Z  )/ $ Þ111&)  1.13097   10#d m3 (H.10) U  	IYZ    1.24851   10#c  N (H.11) 
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H.5.3 Weight U{  	{Z (H.12)         0.00110  N 
 
 
H.6 Calculation of variables at next time step 
H.6.1 Temperature w_xy{  0.57216 W zB   w_xy  tuvYA
{  (3.17)          1.47100  K/s 
z{,¯R  z{, = z{B ΔB (H.13)                 322.99985 K 
H.6.2 Velocity 
Equation (3.6) reduce to the following @>@B   A#R [ 	{Z   U!   	IYZ  >  @A@B \ (3.6)             9.76740  m/s2 
>,¯R  >, = @>@B  ΔB (H.14)                 0.50098  m/s 
H.6.3 Trajectory 
Ç>,¯R  Ç>, = >,∆B = 0.5 @>@B ∆B (H.15)                  5.00488  10#3  m 
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I 
SAMPLE CALCULATION FOR PREDICTING THE DROP DISTRIBUTION BELOW 
A GRID OF HORIZONTAL SLATS  
 
This appendix provides a sample calculation for the model used to predict the drop distribution 
obtained below a grid of slats for a given polydisperse drop distribution above the grid. Some 
of the input variables to the reduction model are provided in table I.1. 
 
Table I.1 : Input values to drop size reduction model 
Variable Value 
Tw [K] 298.15 
Ta [K] 298.15 
Tawb [K] 298.15 
patm [Pa] 101325 
Ga [kg/m2s] 0 
Gw [kg/m2s] 2.84 
Af [m2] 1.5 
W [mm] 3 
S [mm] 10 
Hfg [m] 0.6 
L [m] 1.5 
σ [N/m] 0.072 
ρd [kg/m3] 997.04282 
Ns [-] 77 
di [mm] 5 
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I.1 Determine the number of 5 mm drops that break 
It can be determined from the distribution provided (figure 4.10) as an input to the model that 
the total mass flow of the 5 mm drops is 0.155822kg/s which equals 2388 drops/s. The number 
of drops that break through the grid can now be determined. 
}i  } C}]²£ = - D (4.24)            1471  drops/s 
This means that 917 drops/s go unhindered through the grid. 
 
I.2 Average water film thickness on the slats ¢  0.33559  mm (4.10) 
 
I.3 Average splash fraction 
The velocity at which the drop impacts the slat can be determined from the model in chapter 3 
and equals 3.34 m/s.  
£  	    997.73631 · 3.34 · 0.0050.072     771.91097 (4.3) 
  ã Rcäyå# ·æ     10.89240  mm (4.4) 
 
The reference Weber number for the largest stable drop at STD 
£._  	{k          1000 · 9.18 · 0.010892400.072    12746.20050 (4.3) 
 
The average splash fraction can now be determined. The constants in equation (4.2) for a 3 
mm slat can be determined by linear interpolation between the values for a 2 mm and 5 mm 
slat. ],   0.34341 ],3   0.50969 (4.2) (4.2) 
],)   h3  25  2j 0.38604  0.25900 =  0.25900  0.39883 
The cumulative mass distribution of the drops contained in the fraction of the drops that splash 
from the slats can be described by the Rosin Rammler equation. 
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The reference kinetic energy for the largest stable drop at STD is determined from 
¬g._  0.5 C	{/)6 D k  0.5 · C1000 · / · 0.01089240)6 D · 9.18 (4.8)                 0.02849  J 
 
and the kinetic energy at which the drop impact the slat is determined from 
 
¬g  0.5C	/)6 D   0.5 · C997.04282 · π · 0.005)6 D3.34 (I.1)           0.00036  J 
 
  1  ª C h 44jv((D (4.5) 
 
Equations (4.6) to (4.10) are solved to determine the variables needed for the resultant Rosin 
Rammler equation and the splash distribution for a 5 mm incoming drop is shown in figure I.1. 
 
Figure I.1 : Splash distribution for a 5 mm incoming drop 
 
The data of figure I.1 is presented in table I.2. 
 
Table I.2: Splash distribution for 5 mm incoming drop 
d [mm] 0 0.25 0.5 0.75 1.00 1.25 1.50 1.75 
R(d) 0 0.00672 0.10284 0.42371 0.825501 0.98602 0.99986 1 
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I.4 Average cutting fraction and distribution 
8   £ =     0.625 (4.12) 
The cumulative mass distribution of the drops contained in the cutting mass is given by 
Equation (4.17) and shown in figure I.2. 
 
 
Figure I.2 : Cutting distribution for 5 mm incoming drop 
 
The data from figure I.2 is presented in table I.3 
 
Table I.3 : Cutting distribution for 5 mm incoming drop 
d[mm] 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 
R(d) 0 0 0.0013 0.0036 0.0078 0.0184 0.0441 0.0998 0.2088 0.4053 1 
 
I.5 Dripping fraction and distribution 
The fraction of the mass that drip below the slats of the 5 mm drops that is subjected to 
breaking by the slats, can be obtained by doing a mass balance over the grid as given by 
equation (4.23). From this, the fraction of the total mass that drip below the slats can be 
determined. 
 
The size of the primary drop dripping from below a 3 mm slat is given by 

  X© 	  	IY (4.21)        6.35701  mm 
where 
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X  2.206 = h0.05971.1  "j    2.33484 (4.22) 
and S = 2/π 
 
The satellite drops are linearly distributed between 0.24dp and 0.46dp and they have the 
following sizes 
 
ds,1  =    1.5256847 mm 
ds,2  =    1.8753207 mm 
ds,3  =    2.2249568 mm 
ds,4  =    2.5745929 mm 
ds,4  =    2.9242289 mm 
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J 
SAMPLE CALCULATION FOR e-NTU METHOD IN DETERMINING THE 
MERKEL NUMBER FOR A CROSS FLOW RAIN ZONE 
 
This Appendix provides a sample calculation for the determination of the Merkel number of a 
cross flow rain zone test section according to the e-NTU method. 
 
J.1 Input values 
Table J.1 provides the input variables for the problem. 
 
Table J. 1 : Input variables for e-NTU method 
Variable Value 
Atmospheric pressure (patm) 101325 Pa 
Inlet water temperature (Twi) 323 K 
Outlet water temperature (Two) 316.0275 K 
Air temperature (Tai) 298 K 
Wet bulb air temperature (Tawb)  295.76 K 
Section height (H) 2 m 
Section width (B) 2 m 
Section Length (L) 1.55 m 
Air mass flux (Ga) 1.22 kg/m2s 
Water mass flux (Gw) 1.40  kg/m2s 
 
J.2 Heat transfer rate 
J.2.1 Water mass flow rate w{  {è² (J.1)          4.34  kg/s 
J.2.2 Specific heat of the water at Twm = (Twi + Two)/2 
{      4177.7 J/kgK (A.17) 
 
 
Stellenbosch University  http://scholar.sun.ac.za
135 
 
J.2.3 Heat transfer rate t   w{
{z{  z{u       1.2642  103 W (5.10) 
 
J.3 Enthalpy of saturated air at water outlet temperature xI]{u   1.9269  103 J/kg dry air (A.15b) 
 
J.4 Enthalpy of saturated air at water inlet temperature xI]{  2.7341  103  J/ kg dry air  (A.15b) 
 
J.5 Enthalpy of saturated air at water mean temperature z{  z{ = z{u/2 (J.5) xI]{   2.2946  103 J/kg dry air (A.15b) 
 
J.6 Enthalpy of the inlet air xI   6.6921  10 J/kg dry air (J.8) 
 
J.7 Approximate the gradient of saturated air enthalpy xwÇz  xwÇx  xwÇm/zx  zm (J.9)                 1.1578   10 J/K kg dry air 
 
J.8 Determine the case of the problem w  è  4.88 kg/s (J.10) ww xwÇ z⁄ ⁄  1.5661   w  
Therefore it is a case 1 problem 
 
J.9 Determine the effectiveness for the case 1 problem X_v  w{
{/xI]{/z{  1.5661 (5.12) X_I;  wI (5.13) X_  X_v/X_I;    w{
{/xI]{/z{wI  0.3209 (5.14) 
 
J.9.1 Determine the correction factor for the Qmax approximation Ã   xI]{u = xI]{   2xI]{/4    1.7958  10) J/ kg dry air (5.15) 
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J.9.2 Effectiveness of the system tI;  X_vxI]{   Ã  xI   3.2057  103 J/s (5.16) 
_  QQÀÁÂ   0.3944 (5.9) 
 
J.10 Determine the number of thermal transfer units (NTUe) 
The effectiveness of an evaporative cooler in cross flow configuration with unmixed streams 
can be expressed in terms of the number of transfer units as shown by 
 _  1   ªS}zs_1.ºªX_}zs_   1»/XT (5.17) 
   
From equations (5.10) and (5.18) NTUe can be determined iteratively 
 }zs_  0.5539 
 
J.11 Merkel number ..w{  }zs_
{xI]{/z{ (5.18)             0.1999  
 
  
Stellenbosch University  http://scholar.sun.ac.za
137 
 
K 
SAMPLE CALCULATION FOR THE PREDICTION OF CROSS FLOW 
PERFORMANCE 
  
In this Appendix the heat and mass transfer for a rain zone is determined by making use of the 
Poppe method. The input variables for the model are provided in table K.1 followed by the 
calculation of the next grid point values for the first iteration. 
 
Table K.1: Input variables to Poppe cross flow model 
Variable Value 
Atmospheric pressure (patm) 101325 Pa 
Inlet water temperature (Twi) 323 K 
Outlet water temperature (Two) 316.0275 K 
Air temperature (Tai) 298 K 
Wet bulb air temperature (Tawb)  295.77 K 
Section height (H) 2 m 
Section Length (L) 1.55 m 
Air mass flux (Ga) 1.22 kg/m2s 
Water mass flux (Gw) 1.40  kg/m2s 
Step size (∆s) 0.01 m 
 
K.1 Initial air conditions   0.0165 kg/kg dry air (A.14) xI  6.6959  10 J/kg dry air (A.15b) 
 
K.2 Enthalpy of saturated air at water temperature (Twi) ]{   0.0860 kg/kg dry air (A.14) xI]{    2.7341  103 J/kg dry air (A.15b) 
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K.3 Specific heat of the water (Twi) 
{  4.1788  10) J/kg (A.17) 
 
K.4 Lewis factor 
²  0.865) ¼$]{ =  0.622 = 0.622 &   15+ $]{ =  0.622 = 0.622 & ½ 
(5.5) 
        0.9564   
 
K.5 Temperature integration to next vertical grid point xY  2.5481  10c J/kg  
Guess:  hdafi/Gw = 0.1078 @z{@¹   1
{ I{ I  ]{   
{z{  xI]{  xI  ²   1xI]{  xI  ]{   xY (5.1) 
         4.9193  K/m 
z{,R  z{,1 = @z{@¹ ∆Ç  322.9508 K (K.1) 
 
K.6 Evaporation loss to next vertical grid point @{@¹  I  I  ]{    (5.2)            0.0105kg/m)s  
{,R  {,1 = @{@¹ ∆Ç    1.3999 kg/ms (K.2) 
 
K.7 Humidity at next horizontal grid point @@ª   I ]{    (5.4)         0.0086kg /mkg dry air  
R  1 = @@ª ∆Ç  0.0165 kg/kg dry air (K.3) 
 
K.8 Enthalpy of air at next horizontal grid point @xI@ª   I  SxI]{  xI = ²   1ºxI]{  xI  xY]{   »T (5.3) 
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           5.2059  10 J/mkg dry air  xI,R  xI,1 = ëì·ë; ∆Ç  6.7213  10 J/ kg dry air                (K.4) 
 
After the solution converged, the Merkel number at every grid point is determined from the 
following relation: 
 
Ax, ¾   I ..{,´  (5.6) 
 
The Merkel number for the system is simply the average of all the grid Merkel numbers, which 
is 0.2169. 
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L 
CFD SOLVER MODELS AND INFORMATION 
 
 
FLUENT 
Version: 2d, dp, segregated, spe, ske (2d, double precision, segregated,  species, standard k-
epsilon) 
 
Release: 6.2.16 
 
Models 
------------------------------------------------------------------------------------------------------------------ 
Model                           Settings 
------------------------------------------------------------------------------------------------------------------ 
Space                         2D 
Time                            Steady 
Viscous                         Standard k-epsilon turbulence model 
Wall Treatment                Standard Wall Functions 
Heat Transfer                  Enabled 
Solidification and Melting     Disabled 
Radiation                       None 
Species Transport              Non-Reacting (3 species) 
Coupled Dispersed Phase        Enabled 
Pollutants                      Disabled 
Soot                           Disabled 
 
 
Discretization Scheme 
 
Variable                        Scheme 
------------------------------------------------------------------------------------------------------------------ 
Pressure                         Standard 
Momentum                        Second Order Upwind 
Turbulence Kinetic Energy      Second Order Upwind 
Turbulence Dissipation Rate    Second Order Upwind 
h2o                              Second Order Upwind 
o2                               Second Order Upwind 
Energy                           Second Order Upwind 
Material Properties 
------------------------------------------------------------------------------------------------------------------ 
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Material: water-liquid (droplet-particle) 
 
Property                       Units     Method        Value(s) 
------------------------------------------------------------------------------------------------------------------ 
Density                         kg/m3     constant      998.20001 
Cp (Specific Heat)             j/kg-k    constant      4178 
Thermal Conductivity           w/m-k     constant      0.64486998 
Latent Heat                    j/kg       constant      2373000 
Vaporization Temperature      k          polynomial    0 1 
Boiling Point                  k          constant      373 
Volatile Component Fraction %          constant      100 
Binary Diffusivity            m2/s      constant      2.1255941e-05 
Saturation Vapor Pressure      pascal              polynomial      8132743  -110737.5   +568.4798 -                      
1.305403  + 0.00113268 
Heat of Pyrolysis             j/kg       constant      0 
 
 
 
Material: mixture-template (mixture) 
 
Property                          Units     Method            Value(s) 
------------------------------------------------------------------------------------------------------------------ 
Mixture Species                       names              (h2o o2 n2) 
Density                           kg/m3    incompressible-ideal-gas   #f 
Cp (Specific Heat)               j/kg-k    mixing-law                   #f 
Thermal Conductivity             w/m-k     constant                     0.02593 
Viscosity                         kg/m-s    constant                     1.82e-05 
Mass Diffusivity                  m2/s      constant-dilute-appx              (1.9985e-05) 
Thermal Expansion Coefficient    1/k        constant                     0 
 
 
 
Material: air (fluid) 
 
Property                          Units       Method       Value(s) 
------------------------------------------------------------------------------------------------------------------ 
Density                           kg/m3       constant     1.225 
Cp (Specific Heat)                j/kg-k      constant     1006.43 
Thermal Conductivity              w/m-k       constant     0.0242 
Viscosity                         kg/m-s      constant     1.7894001e-05 
Molecular Weight                  kg/kgmol    constant     28.966 
L-J Characteristic Length        angstrom    constant     3.711 
L-J Energy Parameter              k           constant     78.6 
Thermal Expansion Coefficient    1/k         constant     0 
Degrees of Freedom                            constant     0 
Speed of Sound                    m/s         none         #f 
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